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This paper addresses the problem of developing a gen-eralized mathematical model of an electric motor that
ac-counts for the coupled influence of electromagnetic, me-chanical, vibrational, and thermal processes. The
objective of the study is to construct a compact analytical model suit-able for predictive analytics and syn-
thetic data generation for training intelligent diagnostic systems. The research methodology is based on the
formulation of a system of or-dinary differential equations describing the dynamics of current, angular veloc-
ity, vibration displacement, and tem-perature, with explicit consideration of interactions between different
physical subsystems. The model incorporates the temperature dependence of electrical parameters, the
influence of vibrations on friction and heat generation, as well as feedback mechanisms between subsystems.
A theoretical analysis of the model is performed, including proofs of local and global solvability and the deri-
vation of a priori estimates of solutions. Numerical experiments were conducted by simulating motor opera-
tion with subsequent addition of noise to emulate real measurement conditions. The results reveal charac-
teristic patterns of transient processes, including the effect of vibrations on dynamic stabilization and tem-
perature rise. The results can be applied in the development of digital twins, predictive maintenance systems,
and synthetic dataset generation. The proposed model provides a balance between physical interpretability
and computational efficiency, making it suitable for real-time applications.

Information about authors:

Sergey E. Simonov, Moscow Technical University of Communications and Informatics, Senior lecturer of the Department of Mathematical Cybernetics and
Information Technology, Post-graduate student, Moscow, Russia. ORCID: 0000-0003-339 [-8064

Marina V. Yashina, Moscow Technical University of Communications and Informatics, Principal lecturer of the Department of Mathematical Cybernetics and
Information Technology, Doctor of Sciences in Engineering, Moscow, Russia. ORCID: 0000-0001-8810-918X

Sergey Y. Kazantsev, Moscow Technical University of Communications and Informatics, Professor of the Department of Guiding Telecommuni-cation Environments,
Doctor of Sciences in Physical and Mathematical Sciences, Moscow, Russia. ORCID: 0000-0002-0189-5286

Sergey P. Degtyarev, Moscow Technical University of Communications and Informatics, Professor of the Department of Mathematical Cyber-netics and Information
Technology, Doctor of Sciences in Physical and Mathematical Sciences, Moscow, Russia. ORCID: 0000-0003-1295-5405

Kirill S. Shishkin, Moscow Technical University of Communications and Informatics, Assistant lecturer of the Department of Mathematical Cybernetics and
Information Technology, Post-graduate student, Moscow, Russia. ORCID: 0009-0001-9076-1756

Mikhail G. Gorodnichev, Moscow Technical University of Communications and Informatics, Head of the Department of Mathematical Cybernetics and Information
Technology, PhD in Engineering, Moscow, Russia. ORCID: 0000-0003-1739-9831

Ans uUTUpPOBaHUA:
Cumonoe C.E, Awuna M.B., Kazanues C.C., [eemapée C.I1, LLuwkun K.C, fopodHudes M.I. MatemaTtuyeckoe obecrneveHne reHepaumm CUHTETUYECKUX [aHHbIX A
NPeAUKTMBHOM aHanuTuku snektpoasurateneii // T-Comm: TenekoMMyHukaumm u TpaHcnopt. 2026. Tom 20. Ne4. C. 60-74.

For citation:
S.E. Simonov, M.V. Yashina, S.Y. Kazantsev, S.P. Degtyarev, K.S. Shishkin, M. G. Gorodnicheyv, “Mathematical framework for synthetic data generation in elec-
tric motor predictive analytics,” T-Comm, 2026, vol. 20, no. 4, pp. 60-74.

-

T-Comm Towm 20. #4-2026




Introduction

Electric motors are critical components of modern industrial
equipment, transportation, and energy systems. Their reliability
directly determines the efficiency of technological processes and
the economic performance of operations. Traditional diagnostic
methods rely on the analysis of electrical, mechanical, vibration-
al, and thermal parameters, but these are typically considered in
isolation, which limits the comprehensiveness of condition as-
sessment. With the advancement of remote monitoring systems
and predictive maintenance, the development of integrated mod-
els that combine various physical processes into a unified math-
ematical framework has become particularly significant. Such a
model enables the generation of reliable synthetic data, expand-
ing training datasets for intelligent diagnostic algorithms, thereby
improving the accuracy of failure prediction and optimizing the
operational modes of electric motors.

Existing motor models primarily focus on describing individ-
ual physical processes: electrical, mechanical, vibrational, or
thermal. This fragmented approach restricts the potential for
comprehensive diagnostics and predictive analytics, as real-
world motor operation is governed by the interplay of these pro-
cesses. In the context of advancing intelligent monitoring sys-
tems, there is a need for a generalized mathematical model that
accounts for electrical, mechanical, vibrational, and thermal phe-
nomena.

The objective of this study is to develop a generalized math-
ematical model of an electric motor that integrates electrical,
mechanical, vibrational, and thermal processes.

The generalized mathematical model of an electric motor
serves as a tool for design and optimization, enables the creation
of digital twins, reduces the costs of physical testing, and sup-
ports the prediction of service life and reliability assessment un-
der various operating conditions, including emergency scenarios.
Such a model can be applied in the development and tuning of
control systems, for educational purposes in training engineers,
and for integration with IoT systems and big data, facilitating
comprehensive monitoring and enhancing the operational effi-
ciency of electric motors across various types and ratings.

1. Related work

Research on fault diagnosis of induction motors (IMs) has
long been based on the fact that many mechanical defects leave
characteristic signatures in electrical quantities, primarily in the
stator current [1]. One of the key research directions is physics-
based current modeling, which links the dynamics of bearing
defects to measurable current components. In several studies,
stator current models for detecting rolling bearing faults have
been developed using magnetic equivalent circuits (MECs),
demonstrating how fault-induced air-gap magnetic field modula-
tions are transferred into diagnostic current components without
the need for full transient finite-element modeling [2]. Similar
MEC-based approaches have also been applied to other types of
faults, such as broken rotor bars, where interpolation functions
are used to describe variations in electromagnetic parameters
caused by the defect [3]. In parallel, state-space models have
been developed that allow asymmetries, such as static eccentrici-
ty, to be taken into account and their impact on electrical signals
to be analyzed dynamically [4]. More general dynamic models of
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induction motors, focused on the analysis of electromechanical
interactions, provide a foundation for understanding how mechan-
ical disturbances manifest themselves in electrical variables [5].

A second important research direction is related to coupled
electromagnetic-dynamic modeling, which aims at a more realis-
tic reproduction of bearing fault mechanisms, including unbal-
anced magnetic pull (UMP) and its interaction with rotor motion
and the bearing assembly [6]. In a number of studies, coupled
electromagnetic-dynamic models of induction motors with bear-
ing defects have been developed with explicit consideration of
UMP, and the influence of this interaction on diagnostic features
in measured signals, including stator current, has been analyzed
[7]. Subsequent works have proposed systematic electromagnet-
ic—dynamic modeling methods aimed at detecting bearing faults
via stator current and have emphasized the necessity of simulta-
neously accounting for mechanical motion and electromagnetic
asymmetry in order to obtain realistic fault signatures [8]. Com-
plementing these approaches, dedicated studies have focused on
the calculation and analysis of unbalanced magnetic pull under
air-gap eccentricity faults, which helps to explain the origin of
radial forces that excite vibrations and accelerate component
degradation [9]. To integrate different physical subsystems and
simulation environments, co-simulation approaches have also
been employed, for example by coupling an induction machine
model with a detailed radial ball bearing model to analyze me-
chanical defects within an electromechanical framework [10].
Taken together, these studies indicate that accurate reproduction
of bearing fault manifestations generally requires multiphysics
coupling of the electromagnetic domain, rotor dynamics, and
bearing mechanics [7-10].

Alongside fault modeling, the field of digital twins and real-
time multiphysics models for electrical machines has been ac-
tively developing. Particular attention is paid to thermal process-
es, as temperature significantly affects electrical parameters,
losses, and overall reliability. Digital twin—based predictive
thermal models have been proposed for stator temperature moni-
toring in induction motors, targeting online estimation and fore-
casting capabilities [11]. In a broader multiphysics context, dy-
namic electromagnetic—thermal mapping approaches have been
developed for motor digital twins, providing computational effi-
ciency and enabling real-time operation [12]. In addition, meth-
ods that integrate physical modeling with data-driven techniques
have gained increasing attention, including digital twins based on
physics-informed deep operator networks, which demonstrate the
potential to reproduce complex multiphysics relationships with
reduced computational cost [13]. Although many digital twin
studies primarily focus on thermal and operational monitoring,
they highlight the need for fast and physically interpretable mod-
els suitable for online applications [11-13, 14].

A closely related direction is high-fidelity multiphysics mod-
eling for synthetic fault data generation. Comprehensive mul-
tiphysics models of induction motors have been developed to
generate synthetic datasets under various bearing fault scenarios,
which is particularly important for training and validating diag-
nostic algorithms [15]. Similar high-fidelity approaches have
also been demonstrated for permanent magnet synchronous mo-
tors, where detailed multiphysics models are used to generate
fault-related data [16]. At the same time, analytical models re-
main relevant as a basis for fast computation and design-oriented
studies, for example for multiphase machines, where a balance

—_—

T-Comm Vol.20. #4-2026




COMPUTER SCIENCE

between accuracy and computational efficiency is required [17].
Despite their high realism, such models are often too computa-
tionally demanding for rapid parametric analysis and, in particu-
lar, for real-time applications [18].

The literature analysis reveals a clear trade-off between de-
tailed multiphysics and co-simulation models, which provide
high physical fidelity of fault mechanisms and force interactions
[7-10,15], and compact MEC-based, state-space, and analytical
models, which offer better interpretability and computational
efficiency [2-5,17]. Digital twin approaches further intensify the
demand for fast multiphysics representations, especially when
electromagnetic and thermal effects must be considered simulta-
neously in real time [11-13].

Table 1
Comparative analysis of the considered electric motor models
. . |Real-time
Electrical Mechan}cal Vibration | Thermal Cross- Model type Synthetic digital
Source dynamics domain . data .
subsystem . subsystem | subsystem . |/complexity . twin
(rotation) coupling generation| .. ..
suitability
. . Low— .
[2] Yes Partial No No Partial . Partial Yes
Medium
[3] Yes No No No Partial Low Partial Yes
[4] Yes Partial Partial No Yes LOV}F Partial Yes
Medium
[5] Yes Yes Partial No Yes Medium | Partial | Partial
Not . .
[7] Yes Yes Yes addressed Yes High Partial No
. Not . .
[8] Yes Yes Partial addressed Yes High Partial No
[9] Yes Partial Partial No Partial | Medium No No
Not . .
[10] Yes Yes Yes addressed Yes | Very high | Partial No
[11] Partial No No Yes Partial | Medium | Partial Yes
[12] Yes No No Yes Yes | Modium= | b al Yes
High
[13] Partial Partial Partial | Partial Yes Medium Yes Yes
[15] Yes Yes Yes Partial Yes | Very high Yes No
[16] Yes Yes Partial | Partial Yes | Very high Yes No
[17] Yes Partial | Partial No Partial | "%~ Partial No
Medium
This
Yes Yes Yes Yes Yes Low Yes Yes
work

The model proposed in the article is aimed at integrating the
main physical processes within the system. It consistently ac-
counts for the influence of the electromagnetic subsystem on
mechanical dynamics, the development of vibrations and friction
processes, as well as the associated heat generation. In addition,
the model incorporates feedback effects through temperature-
dependent system parameters. At the same time, a relatively low
model order is preserved, which enables analytical investigation
and makes the model suitable for long-term numerical simulation
of system behavior. A comparative analysis of the considered
electric motor models is given in Table 1.

The comparative analysis highlights a clear differentiation
between existing modeling approaches and the proposed model.
Most reviewed studies focus on a limited subset of physical do-
mains, typically emphasizing either electromagnetic behavior
(e.g., MEC- or state-space-based models), electromechanical
coupling for specific fault mechanisms, or thermal modeling
within digital twin frameworks. As a result, key interactions —
such as the joint influence of vibration, friction, and temperature
on electrical behavior — are often treated only partially or ne-
glected altogether. High-fidelity multiphysics and co-simulation
models provide detailed representations of bearing faults and
electromechanical interactions, but they are characterized by
very high computational complexity, which limits their applica-

bility for real-time digital twins and large-scale synthetic data
generation. Conversely, compact analytical and reduced-order
models offer low computational cost and good interpretability,
yet typically lack comprehensive multiphysics coupling and for-
mal treatment of thermal and vibrational effects.

In contrast, the proposed model is the only approach that con-
sistently integrates electrical, mechanical (rotational), vibration-
al, and thermal subsystems within a unified low-order system of
ordinary differential equations. It explicitly accounts for cross-
domain feedback mechanisms, such as temperature-dependent
electrical parameters and vibration-induced heating, while main-
taining low computational complexity. Moreover, it is the only
model among those compared that provides explicit mathemati-
cal rigor and is simultaneously suitable for real-time digital twin
implementation and scalable generation of physically grounded
synthetic data for machine learning applications.

2. Materials and methods

2.1 Problem Statement

Despite significant progress in the mathematical modeling of
electric motors, existing approaches remain largely fragmented.
Most models describe only a single physical sub-system — elec-
trical, mechanical, vibrational, or thermal — treating it in isolation
and neglecting the strong couplings that govern the real opera-
tion of an electric machine [19]. This fragmented perspective
leads to an incomplete representation of motor dynamics and re-
duces the accuracy of condition assessment.

The absence of an integrated multiphysics framework limits
the capabilities of com-prehensive diagnostics, fault prediction,
and digital twin development. Electrical models typically ignore
the influence of temperature and vibration on winding parame-
ters. Mechanical and vibrational models rarely incorporate elec-
tromagnetic processes that deter-mine torque and rotational dy-
namics. Thermal models do not account for the contributions of
vibrations and electromechanical interactions to heat generation.
Although multiphysics finite element models provide a higher
level of detail, they require substantial computational resources
and are unsuitable for real-time analysis, large-scale synthetic
data generation, and predictive applications.

As a result, the literature lacks an analytical model that simul-
taneously integrates electrical, mechanical, vibrational, and
thermal processes into a unified system of differential equations,
accounts for their mutual interactions, and remains sufficiently
tractable and stable for practical use. Such a model is particularly
important for intelligent monitoring systems, digital twins, and
predictive analytics, where simultaneous simulation of multiple
physical domains and the ability to generate synthetic data are
essential.

Thus, the core problem lies in the need to develop a general-
ized mathematical model of an electric motor that integrates all
key physical subsystems, captures their interactions at an analyt-
ical level, ensures mathematical consistency and global solvabil-
ity, and pro-vides a foundation for digital twin construction and
advanced predictive maintenance tools.

2.2 Electromechanical Relations without Vibrations and
Heating

Following the idea of the mentioned generalized approach,
we have for electric power the relation

—
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di
=Ri+L—+
u=Ri+ Lo +up M

Here u is the voltage, R(T) is the resistance of the electrical
circuit which depends on the temperature T, i is the current, L is
the inductance and u; is a voltage, generated by the rotation of

the winding through the constant magnetic field B — according to
Faraday’s Law, in our case of a constant magnetic field B and
with some constructional constant k , according to Faraday’s

Law,
_do
Cdt’
where @ is the magnetic flux and we measure the angle ¢
counterclockwise from the constant direction of the magnetic
field B to the direction of the N-pole of the winding magnetic
field, consequently,

ug = —M = —krB(—singo)d—qo =k.Bsing * w

dt dt
Then Equation (1) takes the form:

ug ® =k.Bcosg

u=R(T)i+ L% + k,Bwsin ¢

We assume resistance follows the standard law with respect
to temperature:

R(T) = Ry(1+arT) 2
where oT is some constructional constant.

The supply voltage is assumed sinusoidal:

u=Using

Further, denoting by J the total inertia of the rotor, we have
on the ground of the Newton’s Second Law:

do
J—=1y—ko-7
g M L
where v, is the generated by the motor torque, k f is a positive

constant scalar representing the viscous friction coefficient, and

t, is the load torque which opposes to rotor movement. The

L
magnetic torque t,, is proportional to the current i and to the

tangential to the rotation component of the constant field B

Consequently, the torque t,, with some constructional const

k_ is expressed as:

7y =k Bising

do

e 3)
. .o di .

Using =R(T)i +LE+ k.Bosing 4)

Jd—w—k Bisingp—k,0—1 (5)
dt T 4 f L

Here ¢, w, and i are unknown functions which depend on
time t,and U, R, L, B, k_, k_, and k ; are known positive con-

structional constants. The value <, is either a known positive

L
constant or a known function of time t and R(T) is defined by
Equation (2).

Note that simplified generalized qualitative models of the
kind Equations (3)-(5) are pretty of-ten used in the existing quali-
tative researches of different type of electric motors.
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2.3 Generalized equations of vibration and heating

Here we describe a simplified generalized model to account for
vibration and heating in an electric motor. Regarding vibration, we
consider the ideal case of purely inertial disturbances caused by
rotation itself. We assume that displacements occur in the radial
direction. Let us fix an arbitrary axis of the motor and denote the
displacement along this axis as x, with the axis labeled Ox.

Here we describe a simplified generalized model to account for
vibration and heating in an electric motor. Regarding vibration, we
consider the ideal case of purely inertial disturbances caused by
rotation itself. We assume that displacements occur in the radial
direction. Let us fix an arbitrary axis of the motor and denote the
displacement along this axis as x, with the axis labeled Ox.

Angular acceleration is proportional to w? , with a coefficient
mainly determined by the characteristic radius r of the shaft,
which is generally small. Hence, according to Newton’s second
=mre? . Its pro-

law, the inertial force can be expressed as: Fj,,,,

jection onto the chosen direction Ox is: F = mra® cos(p + ) -

Thus, vibration can be modeled by the differential equation:
2

m% = mra? cos(p + @) — kx (6)
t

where k is the stiffness coefficient. This equation corresponds to
an idealized balanced case, but it can also describe an unbal-
anced case, if r is replaced by an eccentricity e >r .

Now consider the generalized heating model. Following Fou-
rier’s law, it is written as:

T -a(T-T,),

dt

where T(t) is the temperature at time t, C is the total heat capaci-
ty, Q is the total heat input, To is the ambient temperature, and o
is a structural coefficient. The total heat input Q includes several
components:

1) Induction heating from the varying magnetic field of the
winding:
do, 1
dt R

_ d(Sklicosgo) 1

dt Rstator B (7)

linductive = ~
stator

,d(icosg
glses)

where kl' =Sk /R

stator

k,( di . dcoj

—k{| —cos@ —isingp— |,

W ™7 Y

. By Joule’s law, the corresponding heating

. . 2 .
is proportional to R , leading to:

stator (linductive )

di Y
Oind = %ind Ecosgo—za)sm(p

2) Heating from vibrations, proportional to kinetic energy of
oscillations:

2
dx
Ouip = Ayip [Ej

3) Frictional heating due to sliding motion:

0j = aya”

Combining these contributions, the total heating equation be-
comes:

47 di Y N dx ) N
—=aqa,, ;| —cosp—iwsin A, —
dt ind dt 4 4 vib dt
afra)z —a(T —TO)

: T—
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2.4 The final generalized model

To arrive at the final generalized model, it is necessary to
combine Equations (3)-(6) and (8) into a single system. Before
doing so, the dynamic Equation (5) must be corrected by ac-
counting for the influence of vibrations from Equation (6) on the
friction term — in Equation (5).

It is well established that the effective friction coefficient
may decrease in the presence of vibrations (see [20] and refer-
ences therein). The results of [20] indicate that this reduction is
proportional to the vibration amplitude. Within the present
framework, the effective friction coefficient is assumed to be:

kp=kp—epF[x(t)] )

where &, is a small design parameter, and F[x(t)] denotes the

f
root-mean-square (RMS) amplitude of displacement, defined as

(10)

That is, F[x(t)] at time t is the averaged displacement magni-
tude |x(t)| over the last full revolution. Although Equations (9)

and (10) are approximate, they provide a qualitative description.
The goal here is to study the qualitative impact of vibration on
the inter-action and coupling between the main electromagnetic
and mechanical parameters of the rotating motor. Vibrations also
directly affect electromagnetic fields in the metallic parts of the
machine, leading to additional energy losses, particularly heat-
ing, but this effect is not addressed in the present work.

Taking into account correction Equation (9), the generalized
model can be written as:

de _

= (11)
. di

Using=R(T )Z+Ldt +k,Bwsin g, (12)
do L.

J7=k73131n(p—(kf—€fF[x(l)])a)—TL= (13)
d*x 2

m?—mrw cos(¢+(p0) kx, (14)

Cd—T—a ﬂcos —iwsin 2+a ﬁ 2+
di ind dt 4 4 vib dt (15)

aﬁa)z —a(T—TO)

It should be noted that all right-hand sides of this system are
smooth functions of their arguments (with the exception of the
nonlocal but still smooth term F[x(t)] in Equation (13). It is well

known that such a system always admits a unique solution for a
given set of initial conditions, at least locally in time. Therefore,
the model Equations (11)-(15) is mathematically consistent in the
local sense. The issue of global solvability for all te[0, o) will

be considered separately.

2.5 Quasistationary mode

The goal of this section is to obtain qualitative theoretical re-
lationships between the principal physical parameters of an elec-

-_—

tric motor in the quasi-stationary regime. We proceed from the
model Equations (11)-(15) under the assumption that the angular
speed o and the temperature T remain constant:

w = const, T = const.

(16)

Under this assumption we set the electrical angle as a linear
function of time and omit the initial phase in the long-time re-
gime:

(/720%

a7

We refer to this setting as quasi-stationary since other physi-
cal variables may still vary with time, but in a periodic manner.

2.5.1 Current

Starting from Equation (7), the current dynamics can be writ-
ten as:

di, R(T)l_z (U -k, Ba)

dt L L

This is a first-order linear ODE with constant coefficients and
a harmonic forcing. Its general solution is:

_R(D), (U —k.Bo) (R

i()=ige L +L[m2+R(T)2]L

sin(ot).

Do) s |

L2

In the quasistationary regime (after transients), the exponen-
tial term decays and the current become:

i(1)= (Uz_k;f(;:))Z (R(LT)sin(wt)—a)cos(a)t)
Lo +L2} (18)

Therefore, the current amplitude and frequency are:

U kBa) R(T) U kBa)

{ J T o

®
fi=7— (20)
2.5.2Vibration
From Equation (15), the vibration equation is rewritten as:
d’x k )
—5 +—x=ro"cos(wt +
o m ( (/’0)

This is a standard ordinary linear differential equation with
constant coefficients, its general solution has the form:

x(t)=Cycos(@,t) + Cysin(a,t) + (1),

W, = \/z —in the base frequency of the rotor,
m

A particular solution is:

ro?
———cos(wt+9), o, * o,
X*(I)= @y O
o’ .
tsin(wt +9y), o, =o.
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The resonant case o =  is not quasi-stationary; therefore,

we assume @, # o and write:

2
x*(t)=ﬁcos(a)t+(p0), @, # @.
(%

Introducing new integration constants A, and © via

C) = A4,cos0, C, =—4,sinf.
we obtain:
x(t)= 4, cos(w,t+0) +icos(a)t +
L (% 0)2 _a)z P (21)

(%

Before addressing the dynamic Equation (13), it is necessary
to recall the functional F[x(t)] from Equation (10). This func-
tional represents the averaged amplitude of vibration x(t) over
one full revolution of the rotor. Although it can be computed
explicitly from Equation (21) at the end of the chapter, the exact
expression is too cumbersome for practical use, analysis, and
interpretation.

Thus, we approximate it as:

2
ro
F[x(t)} =w 4, +v, H,

where v, and v, are parameters to be determined later, subject

to the conditions:

—ISVI,VZ Sl, VIAU+V2—>O'

2.5.3 Motion

Now consider Equation (13) in the sense of its averaged form
over one rotor revolution, i.e., over the interval [t,,t, +27/®].

Here t, is arbitrary, and without loss of generality we may set

t, =0. Since w = const , the average of the left-hand side of (13) is:

(2”] I J—dt

Next, dlrect calculation for the averaged value of the first
term on the right-hand side of Equation (13), using Equation
(18), yields:

2z

(2_”)" Tk,gi(,)sin(wt)d, :

[}

2z

() Jos ﬁ(—() oces(or)) s Cor)a -

2
0 o +—
2
L

k,BR(T)(U - k,Bw)
z(sz2 + R(T)Z) .
All other terms in Equation (13) are constants under the as-
sumption w = const, so their averages coincide with their values.
Therefore, the averaged version of Equation (13) takes the form:

EEE

T-Comm Vol.20. #4-2026

COMPUTER SCIENCE

_ kBR(T)(U —k,B)

2(L2w2 + R(T)z)

reo’
- kffaf vid, +v, 2 2 -
W, -

—(kf —ng[x(t):l)w— T,

k.BR(T)(U - k,Bo)
(L o’ +R(T) )

-7, =0.

2.5.4 Heating

Now let us consider the heat conduction equation (15), which
is also taken in the sense of averaged values over one full rotor
revolution. Similar to the previous considerations, in the quasi-
stationary regime the temperature T is assumed to remain con-
stant. Thus, averaging the left-hand side of Equation (15), we
obtain:

(Z”J IC—dt

At the same time, since @, T, and
on the right-hand side are constants,
2z

(Z_ﬂ)_l.ar[“f“’ —a(T- T)]dt 40 —a(T-T,). (23)

(22)

To in the last two terms

(2]

di 2
—lcosgo —iwsin qoj n

Let us now consider the term aq,, d( 7

Equation (15). Note that when ¢ = wt:

ﬂcos —iwsin —i(icos )
a7 = )

24
(18),

And, in view of

icosp= A{R(LT)

Equation

sing — wcos (pj cosg, where

(U - k,Bw)

That's R (T)

why icosp = 4; singpcosp — Aia)cos2 Q=

=%Sin2¢—%(l+cos2§0), where B, = Ai@’ B, = 4.

Hence,
%(icos @)= o(Bycos2p + B, sin2p)
and because of Equation (24)
. 2
a; ﬂcosgo —iwsing | =
ind dt

= aindwz (Bl2 cos” 2¢ + 2B B, sin2¢pcos 2¢ + Bz2 sin” 2(p).

1-cos4 1
(—(ojdt =—,
2 2

Taking into account that:
2z

-1 9 -1
2 27r
— J. cos” 29 dt =
0] 10)
0

S 2 ‘3’
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2z

-1 @
2 1—cos4 1
sin22(pdt=(—j I( ¢)dt=—,
2] 2 2

0

VR
s |y
1

sindg dt =0,

N\
SN
—

27\
2sin2¢ cos2p dt =| —
9]

ol—.g‘g’ ot_.g";
O'—:e"g’

we get

=)

2 2 2
® 2 2 Y R(T) 2
:aind_<Bl +BZ)=aind_Ai S to =
2 2 T

)
N

5

O'—.S‘

di :
Aipa [ECOS @ —imsin (p] dt =

(25)

2 (U -k.Bw)
_al_nd“’ u

2 R(rY 4 Po?

Let us now consider the average value of the remaining term
a,, (dx/ alt)2 in Equation (15). from Equation (21) it follows that
x(t) =4, cos(@, +6)+V cos(at +¢), where

2

V=—®.
o, — o

That's why

2
a (Ej —a A @ sin® (w t+ 9)+
vib dt vib““v"v (3 (2 6)
+2avibAUVsin(a)ut + 0) sin(a)t + %) + aw.szwz sin’ (a)t + @, )
Now we take the average value of each term in this expres-
sion sequentially. For the first term, we have

2z

1w
2
(—”j I @, A2} sin’ (ot +0)dt =

[0}
0

2 2 -1
— avibAua)u (2_”j
2 ®

2 2
AU wu

(1 - cos(2a)ut + 29))dt =

o t—2 ‘5’

@7

27

R L a
_awpdyo, (zij I d[sin (20, +260)] =
w
0

2 4
4row
vt 26)]
2]

_ %

2 2
_ %4, @,

2
- Zuip Ay 00 {sin(ZG) - sin(

2 87
Next,

=)

2avihAUVsin(mUt + H)Sin(wt + %)dt =

S \:

2z

(28)
7cos[(wu + w)t + (9 + ‘/70)]} dt =

1 2 _
= %AUVi{ [sin(ﬂf%)—sin(mw—%)}
27 (o, -0 ®

— w{sin(z”(% +o) +0+¢0\J—sin(0+(p0):|}

o, + [2)

-_—

And for the last term in Equation (26)

21
22\ ¢
T
[—) I aw-sza)z sin” (a)t + (/)O)dt =
w
’ (29)
277!
2 2 -1 9 2 2
SV 2 v
_W(_j [0 s+ 2, - 2
2 2] 2
0
Collecting Equations (27)-(29), we get
2z
(27!)_1 h dY ocvibVZa)2
S Y
w dt 2
0
2 2 2
+—aVibA" Do | L@ 400 ‘:sin(zﬂ) - sin( 4, + 20):| +
2 87 ® (30)

1 2 -
+a”bAvV2ﬂ{ [sin(ﬁ—wo)—sin(M+H—¢o)j|+
T (0 — 0 @

it {sin[h(w:: ) +0+ %) —sin(6’+¢70):|}.

a)u+a)

Note that in the case where, instead of Equation (14), the vi-
bration in the engine is de-scribed simply by the measured ampli-
tude A, and frequency f,, then instead of Equation (21) we
have a simpler expression:

x(t) =4, cos(a)ft + 9),

o = f,27. (31

Therefore, Equation (30) in this case is reduced to:
2z

-1 @ 2 2.2
a, i AS@
(2_”) J%b[ﬁ) ap = B ho®r
[0} 0 dt 2

A2 4
+M{sin(20)—sin( i +29H.

87 w

Overall, combining now Equations (22), (23), (25) and (30),
we arrive at the averaged version of Equation (15)

o (U-kBo) a Ao
.

2 R(1) + Lo 2 2

a, Loo 47
+M|:sin(20) - sin( L 20]} +
87 2]
2] 1 27(0, — o
ta, AV — |:sin(6 - (po) —sin (M +
2z o -0 w

o))
]

" +stm(2”(m;+m) +0+(p0j—sin(9+¢0)j|}+

+afra)2 —a(T—T;)) =0

2 2
a,,V o

vib

(32)

In the case of a given vibration (see the previous note), in-
stead of Equation (32) we have a simpler equation

2 2 2
o (U-kBo) ayl’e’ awhop

2 R(1) + o’ 2 2

avibAga)fa) . . 47ra)f
+— s1n(29)—sm +20 ||+
87 w

+aﬁa)2 —a(T—TO):O

Ayip

(33)
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2.5.5 Resulting quasistationary model

Eventually, in the quasistationary mode system Equations
(12)- (15) is replaced by the model consisting of relations Equa-
tions (16), (17), (18), (19), (20), (21 or 29), and (32 or 33).

2.6 Global Solution of the Generalized Model

In this section, we address the question of whether the system
Equations (11)- (15) admits a solution globally in time, i.e., for
all t>0. This is not trivial, since not every nonlinear system of
differential equations (or even a single nonlinear equation) has a
global solution. For instance, see Equations (34), (35). Before
proceeding, it is necessary to analyze the friction term
—(k; =& Flx()De in the dynamic Equation (13).

2.6.1A New Expression for the Friction Coefficient

Note that no restriction was imposed on the sign of the design
parameter &, in the friction coefficient expression

ky=k,—e Flx(1)] in Equation (13). The idea of this formula-
tion is that small vibrations slightly reduce friction. On the other
hand, k ; must remain positive for any vibration amplitude,
since large vibrations clearly slow down rotation. Unfortunately,
this is not the case with & =k, —&,Flx(0], because for large

x(t) the coefficient becomes negative. Thus, the formula is phys-
ically justified only for small vibrations. Moreover, the depend-

ence of I;f on x(t) may cause solutions that blow up in finite

time. The reason is that strong vibrations x(t) generate angular
velocity o, and the increasing speed amplifies vibration, leading
to a blow-up scenario.

Mathematically, the vibration source mra? cos(p+¢y) in
Equation (14) and the velocity source — (k 7 =& Flx(O)De in
Equation (13) which is positive, for large F[x(t)]>k, /e, . In
such a case, |x(t)|~a’ and do/dt~|x(t)@~»’. Consider the

Cauchy problem: G; =,/-2InU; cos(27U)

‘Z—i":ﬁw{ (0) = @, B>0, (34)
we see that the solution is
1
(35)

o(t)=—
{w—g—Zﬂt

Thus, the solution exists only on the interval [0, ¢), where

=1/ Zﬂa)g . As t—>t", o(t)> o since the denominator tends

to zero.
Therefore, instead of decreasing the initial friction coefficient
k, by subtracting & F[x(¢)], one may subtract an expression that

is positive for small x(t) and negative for large x(t). The simplest
form is:

Glx(t)]=e (4, - F[x(1)]). &4, <k,.
where A, is a design parameter representing the limiting vibra-

tion amplitude. Then in-stead of Equation (9) we assume:

COMPUTER SCIENCE

kp=ky —gf(Af —F[x(r)]).

Hence, when F [x(t)} > Ay, the effective friction coeffi-

(36)

cient satisfies kr >k, , i.e., the resistance to rotation increases.

With this correction, Equation (13) is replaced by the modi-
fied form with &, in Equation (36), and the full system be-

comes:

d;o_
I =, (37)
Using = R(T)i+ L%+ k,Bwsing, (38)
do ..
JE=kTst1n(o—(kf—ng[x(t)})a)—rL, (39)
2
m% = mra? cos((p + goo) — kx, (40)
t
Cd—T—a ﬂcos —iwsin 2+a [ﬂ2+
dt ind dt 4 4 vib dt (41)

aﬁa)z —a(T—TO)

2.6.2 Positivity of the temperature T

In this section, it is shown that from Equation (41) the tem-
perature T(t) remains nonnegative provided that the initial values
T(0) and T, are nonnegative.

Theorem 1: Let T(t) together with o(t) , o(t), i(t), and x(t)
be a solution with integrable first derivatives of the system Equa-
tions (37)-(41) on some time interval [0, /) If T(0)>0 and
T, >0, then T(t)>0 forall re[0, ¢).

Proof of Theorem 1: Rewrite Equation (41) as:

dl «o
—+—T=F(t)=
dt C 0
=,y | —cosp —iwsing Ay | — a0 +a
N\ ar " ar A 0

and note that F(t)>0, F(t) due to its definition in Equation
(42) and the assumption T > 0. Equation (42) is a standard line-
ar first-order ODE whose unique solution is

a
-t

T(1)=T(0)e € +IF(r)e_%(t_T)dr.

Since F(t)>0, T(0)>0, and e @O >0, the proof is com-
plete

2.6.3 A priory estimate of a solution

This section is devoted to an a priori estimate of a sufficiently
regular solution of the system Equations (37)-(41). Such an esti-
mate is a key step in proving global-in-time solvability. Below,
the same symbols C, denote various absolute constants or con-
stants depending only on the fixed model data.

Theorem 2: Let functions ¢(t) , o(t), i(t), x(t), and T(t) be
a solution with integrable first derivatives of system Equations

(37)-(41), with T(0)>0 on some interval [0, /). Assume also

that de/dr n di/dr are square-integrable on [0, 7).

: T—
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Then for all r<[0, ¢*) there exists a constant C such that
|(p(t)|+|i(t)|+|a)(t)|+|x(t)|+|T(t)|+
dil | do| |ds], |d%| |ar

do
— |+ |—+
dt dt| | a2 |dr

dt

+@+ + SC*,
dt

where C* depends only on the given and fixed constructional
parameters of Equations (37)-(41), on U, B from Equation (38),
on initial data ¢(0), ®(0), i(0), x(0), dx(0)/dt, T(0), and on
the length of time interval t* staying finite for finite values of t*
Proof of Theorem 2: Consider first Equations (38) and 73

together, rewritten as:
di

Z+ai(t)i:fi(t)+bi(t)a), @3)
dd_j)"'aw(t)wsz(f)+bw(t)i, (44)
where
s ROy EBsne ) Using
L L B I
aw(t)s I:kf 78}'(‘4/ 7F[x(t)]):| :k_f, b, (t)s kTBsin(p,
L 7 T
fﬂ,(t)z—T‘.
a; (t) >0, aw(t) >0, 45)

due to the positivity of T(s) and & / from Equation (36). Moreo-

ver, bi(1), b,(t), f;(t), f,(t) are bounded by some constant C,
depending only on fixed model data:

16y (1) + [ () | : ()] +| £ ()| < €. (46)
Multiplying Equation (43) by 2i(s), and Equation (44) by
20(t) and using 2i(1)di/dt=d(i*)/ dt , 2e(t)dw!dt=d(e”)/ dt,

we obtain
2
I a0 = ()i (1) o @7)
de’ 2 .
7+aw(t)w = fu(t)@+b,(1)io, (48)
Using Cauchy’s inequality, a and b
L(2, .2
|ab|£5(a +b )
we deduce
,»2 1) +i? 3 1)+ w?
0+ (o] LUV Joli)ver
(49)

= Cf +%(z’2 + a)z),
where Cr=( f,-2 0+ faz, (#))/ 2. And similarly, in view of Equation
(46),
|b, (1) | + |b,, (1)ieo] < Clia < (iz +a)2), (50)
Summing Equations (47) and (48) and applying Equations
(49)-(50), we get
al(i2 + a)z)
di
By positivity Equation (45), this reduces to,

+al.(t)i2 +aw(t)w2 SC/ +C(i2 +w2),

R

d(i2+a)2)

2, 2 51
- sCf+C(z +a)) (5D
Let
i2+a)251(t),

di(t)

This is the differential form of Gronwall’s inequality, implying:
1(t)<C(1(0))e™ =C(1(0).2),

so that on interval [0, ¢*):
(1) + 02 (1) < C(1(0).0(0).6"), 1e[o.r")

Hence i(t) and o(t) are bounded on [0, ) constant C(t").
And from Equation (51) it follows that:

(52)

Therefore, the right-hand side of Equation (40) is bounded,
and thus, x(t), dx(t)/dt u d*x(t)/dt> are bounded on [0, ).
Consequently, the right-hand side of Equation (39) is bounded,
and so dw/dt is also bounded.

To show that T, di/dt and dT/dt are bounded, multiply
Equation (38), by di/dt:

\2 . .
(%) = (—U sing + k,Bwsin ¢)%— R(T)i%
or

di Y (-Using+kBosing) di  R(T) di*
(Zj - L di 2L dt

From the previous estimates, including Equation (52), from
the definition of R(T) in Equation (2) and from this relation it
follows that:

\2
(4] gt
dt d

i

t

2

le12+l a +CT + G
2 2\ dt

From prior estimates, one deduces
di ¥
— | <G T+C
(dt] S
and therefore

. N2
ﬂ < ! +l[ﬂ] SC2T+C3.

+CGT+C5<

(33)

<— 54
dat| 2 2\dt (54)

Based on Equations (53), (54) and on the basis of the above
estimates for i(t), o(t), dx(t)/dt, we can estimate the right-
hand side Equation (41) and obtain

dT (1)
d

<QT(1)+C,

This is again the differential form of Gronwall's inequality,
and it implies

r(0)<c(r(0).r),  refor).

Now, since there is this bound, there is a bound for di/dt

from Equation (54), and then for dT/dt from Equation (41),
which completes the proof of the proposition.
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2.6.4 Global solvability

We now prove the following main result.

Theorem 3: For arbitrary initial data ¢(0), i(0), ®(0), x(0),
dx(0)/ dt , the system Equations (37)- (41) has a unique solution
o(t), i(t), o(t), x(t), T(t), that is defined for all t>0, i.e., for
all r€[0, ).

Proof of Theorem 3: The simplest argument is by contradic-
tion. First, since all right-hand sides of system Equations (37)-
(41) are smooth functions of their variables, it follows that for
arbitrary initial data ¢(0), i(0), ©(0), x(0), dx(0)/dt, T(0)>0
there exists a unique solution on some maximal time interval
te[0, ). Suppose that this interval does not coincide with
[0, ©), ie., ¢ <oo. hen all function o(t), i(t), o(t), x(t),
dx(t)/dt, T(t) remain bounded on [0, r*) together with their
corresponding derivatives. Consequently, these functions are
continuous on the closed interval [0, ¢ ] with finite values at ¢ .
Therefore, it is possible to extend the solution to a larger interval
[0, " +Ar"), by considering the Cauchy problem for the system
Equations (37)- (41) with initial values o), itt), o), x(),
de(£)/dt, T(t) at +>¢ . This contradicts the assumption that
[0, /) was the maximal interval of existence.

Thus, the assumption ¢ <o is false, and the solution in fact
exists forall >0, i.e., for all [0, ).

Exact Expression for F[x(t)] in the Non-Resonant Case

We rewrite Equation (21) as

x(t) = 4, cos( @, +6)+V cos(at +gp),

2

ra
V= 3 7
W) — @
Then

X (t) = AZ cos” (wvt + 6) + 2AUVcos(wut + H)cos(wt + lpo) +

51+ cos(Zw“t + 28)
—_—+

v

+77 cos” (wt + (pn) =4
2

+AV {cos[(w” + a))t + (9 + 0, )] + COS[(a)u - a))t + (9 -9, )]} +
o I+ cos(Zwt + 2%)
+

=1L +1,+ 1
2

Define the averaged values of 7,1 =1, 2, 3 over one rotor
revolution by

da
IAI- E[zij I 1;dt.
12}
0

For I, we obtain

2 2 -1
~ o4 4 2z
]1 =—+—|—

2 2 \w

£ A 22\ 40
v v . . )
=—+—|—] — sm(29)75m +20 | |.
2 2 \w 20, 2]

Similarly, for 1,

cos(ZwUt + 20)dt =

o t—s |¥

(35)
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27/!
-1 @
e 27
[2 :AUV(—) J.cos[(wu+a))t+(9+(p0)]dt+
0

(56)

:AUV(Z_”)i{ ! |:sin(9+¢0)—5in(M+a+%):l+
! [sin(h%)_m(m+9_%)}}‘
Finally, for 1,

Zl
REREEN| - (57
13—7+7(7) jcos(2wt+29)dt_7,

0

Altogether, F[x(t):| =L +L+1;,

where IA, ,1=1,2, 3 are defined in Equations (55)-(57).

3. Experiments and results

This section presents the numerical experiments conducted to
validate the proposed generalized model. While the model's theo-
retical soundness was established through the proof of global
solvability (Theorem 3), its practical predictive capability must
be demonstrated. Given the challenges of obtaining perfectly
synchronized, high-fidelity experimental data for all coupled
variables (current, speed, vibration, temperature) from a physical
motor, we adopt a widely accepted approach in the field: we val-
idate the model by comparing its numerical simulations against
synthetically generated "real-world" data. This synthetic data is
created by adding controlled, realistic noise to the model's own
output, effectively simulating measurement errors and unmod-
eled dynamics.

3.1 A priory estimate of a solution

The complete system of differential Equations (37)- (41) was
implemented in Python using the scipy.integrate.odeint solver.
The simulation parameters were calibrated to ap-proximate the
behavior of a standard three-phase industrial motor (e.g., Mara-
thon Electric D396, 3 HP, 3600 RPM) under constant load. The
key parameters are summarized in Table 2.

Initial conditions were set to zero for all state variables, simu-
lating a cold start: ¢(0)=0rad, i(0)=0 A, ®(0)=0rad/s, x(0)=0
m, vx(0)=0 m/s, T(0)=20 °C. To create a "real-world" dataset for
comparison, Gaussian noise with a magnitude of up to 5% of the
signal’s mean value was added to the simulated outputs for cur-
rent (i), angular velocity (o), vibration displacement (x), and
temperature (T). This noise level is representative of typical
measurement uncertainties in industrial sensors.

3.2 Model Validation and Performance Metrics

The primary goal of this experiment was to verify that the
model can accurately re-produce the dynamic behavior of a mo-
tor, including the coupled effects of electromechanical conver-
sion, vibration, and heating. The results, presented in Figure 1,

: ——
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show an excel-lent agreement between the pure model simulation
(blue/solid lines) and the noisy data (red/dashed lines).

The quantitative performance of the model was evaluated us-
ing the Root Mean Square Error (RMSE), normalized by the
mean value of each signal to provide a relative percentage error.

The results are as follows:

* C rrent (i): RMSE =2.91%

* Angular Velocity (o) : RMSE = 1.87%

* Vibration Di placement (x): RMSE = 3.05%

» Temperature (T): RMSE = 0.89%

These low error values, all well below the 5% noise floor,
confirm the high accuracy of the model. The model successfully
captures the transient start-up phase, where current and vibration
peak before settling, and the gradual temperature rise to a steady
state. The refined friction model Equation (36) ensures stable
behavior throughout the simulation, with no signs of divergence,
empirically confirming the theoretical result of global solvability.

Table 2
Model Parameters for Numerical Simulation
Parameter Symbol | Value Unit Description
Nominal line
Supply Voltage U 380.0 \Y voltage
Electrical £ 500 Hz AC supply
Frequency frequency
Stator Inductance L 0.025 H Motor inductance
Base Resistance Ry 0.435 Q Res1sta(1)nce a
20°C
Temp. Coeff. of o o Linear tempera-
Res. R 0.004 1eC ture dependence
Back-EMF Constant k, 1.2 V-s/rad Motor constant
Torque Constant k. 2.8 N-m/A Motor constant
Base Friction Coeff. k. 7 0.012 | N'm-s/rad | Viscous friction
Vib.-Friction g, N-m-s/ Vibration
Param. Y 0.0008 (rad-m) influence
Heat Transfer Thermal
(x (o]
Coeff. h 93 WreC dissipation
Moment of Inertia J 0.089 | kg'm? Rotor inertia
Constant
T .
Load Torque L 32.0 N-m mechanical load
Stiffness .
Coefficient k 1.0e5 N/m Rotor stiffness
Effective Mass m 50.0 kg Vibrating mass
Shaft Radius r 0.05 m For centrifugal
force
Heat Capacity C 500.0 J°C Motor thermal
mass
. Reference
T o
Ambient Temp. amb 20.0 C temperature
Friction Amp. Threshold for
Limit Af 0.01 m friction model

3.3 Analysis of Steady-State Behavior

After the transient phase (approximately t > 5 seconds), the
system reaches a quasi-steady state. The final simulated values are:

* Steady-State Speed: 314.16 rad/s (3000 RPM), which is
consistent with the 50 Hz supply frequency for a 2-pole motor.

* S eady-State Temperature: 85.32 °C, indicating a significant
65°C rise above ambient, primarily driven by Joule heating from
the load current.

» Average Current: 11.42 A, which is the current required to
overcome the 32 N-m load torque at the steady-state speed.

* Peak Vibration Amplitude: 0.123 mm, a value that falls with-
in the range of typical operational vibration for an industrial motor.

This analysis demonstrates that the model not only captures
dynamics but also pro-vides quantitatively accurate predictions
for key operational parameters in the steady state. The close cou-
pling between variables is evident; for example, the steady-state
temperature directly influences the winding resistance, which in
turn affects the current draw and the overall efficiency.

For future experimental validation, the University of Ottawa
Electric Motor Dataset (UOEMD-VAFCVS) [21] provides a
valuable resource. This dataset contains synchronized vibration,
acoustic, and temperature data from motors under various fault
conditions. While our current model describes a healthy motor,
the UOEMD dataset can be used in subsequent work to validate
the model's ability to predict the altered dynamics (e.g., in-
creased vibration, temperature rise) associated with specific
faults like rotor unbalance or bearing wear, as indicated by the
dataset's labeling scheme (e.g., R-U for rotor unbalance).

3.4 Fault modeling and comparison with noisy data

To investigate the impact of a vibration-related fault, a pro-
gressive anomaly was modeled by introducing additional heating
(Qadditional=0.01-t), simulating bearing degradation. Synthetic
data for both healthy and faulty states were compared with real
data, generated by adding 5% Gaussian noise. The results are
presented in Figure 2.

Temperature of Healthy State Figure 2a: The temperature
stabilizes at approximate-ly 62°C, consistent with normal motor
operation. The "real" data with noise exhibit an RMSE of ap-
proximately 4-5%.

Temperature of Faulty State Figure 2b: The temperature
shows a linear increase, reaching approximately 63—65°C by the
end of the 10-second interval due to additional heating. The
RMSE for the noisy data is approximately 4-5%.

Current of Healthy State Figure 2c: The current fluctuates
around an average of ~8.8 A, reflecting stable operation. The
RMSE for the noisy data is approximately 4-5%.

Current of Faulty State Figure 2d: The average current increases
slightly to ~8.9A due to increased resistance from the temperature
rise. The RMSE for the noisy data is ap-proximately 4-5%.

The results demonstrate that the model accurately reproduces
motor behavior in both states, with errors not exceeding the 5%
noise level. The fault condition leads to a noticeable temperature
increase and a slight rise in current, highlighting the impact of
vibration-related anomalies on thermal and electrical characteris-
tics.

e
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Comparison of the model with real data
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Fig. 1. Comparison of model simulation (solid lines) with synthetic data (dashed lines with 5% noise) for key motor parameters:
(a) Current, (b) Angular Velocity, (c) Vibration Displacement, (d) Vibration Velocity, (¢) Temperature, and (f) Rotor Angle.
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Fig. 2. Comparison of model synthetic data (solid lines) with noisy data (dashed lines) for healthy and faulty states:
(a) Temperature of Healthy State, (b) Temperature of Faulty State, (c) Current of Healthy State, (d) Current of Faulty State
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Conclusion

In this work, a generalized mathematical model of an electric
motor has been developed, combining electrical, mechanical,
vibrational, and thermal processes into a single system of cou-
pled differential equations. This approach extends beyond classi-
cal models, which usually focus on one or two subsystems in
isolation, and provides a holistic framework for studying the
interplay of multiple physical domains. From a theoretical stand-
point, the model has been shown to be mathematically con-
sistent. The analysis established both local and global solvability
of the system, demonstrated the positivity of temperature, and
provided a priori estimates of the solutions. These results ensure
that the model not only has formal mathematical validity but also
aligns with the physical constraints of electromechanical sys-
tems. The study also incorporated a correction to the friction law,
accounting for vibration-induced effects. It was demonstrated
that the simplified formulation could lead to finite-time blow-up
of angular velocity, while the corrected ex-pression stabilizes the
dynamics and ensures physically meaningful behavior. This
high-lights the importance of considering cross-domain cou-
plings that are often overlooked in conventional models.

Through numerical experiments, the model was validated in
transient and quasi-stationary regimes. Simulations confirmed
that it can accurately reproduce the dynamic evolution of current,
angular velocity, vibration displacement, and temperature, in-
cluding under conditions of start-up, overload, and near-resonant
vibration. The quasi-stationary analysis further confirmed that
analytical expressions for current amplitude and vibration func-
tional are in good agreement with numerical results. From a
practical perspective, the proposed model offers several key ap-
plications. It can serve as a tool for synthetic data generation,
supporting the training of machine learning algorithms for pre-
dictive maintenance. It can also function as the core of a digital
twin, enabling simulation-based diagnostics, optimization of
motor parameters, and assessment of fault scenarios such as
bearing degradation or excessive heating. In addition, the model
provides a framework for system-level optimization and control,
where interactions between electrical, thermal, and mechanical
subsystems must be considered simultaneously.

In summary, the proposed generalized model addresses a critical
gap in existing literature by integrating multiple physical processes
into a single coherent framework. It advances the theoretical under-
standing of electromechanical systems, demonstrates strong predic-
tive capability in numerical experiments, and offers practical path-
ways to-ward intelligent monitoring, fault prediction, and optimiza-
tion of electric motors in industrial applications.
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AHHOTauusa

B paHHoOM cTaTbe paccMaTpuBaeTcs 3ajava pa3paboTku 06OBLLEHHON MaTEMATUYECKON MOAENN SNEKTPOABUIATENA, YYUTbIBAIOLLEN B3aMMOCBA3aHHOE BAUAHWE
3NIEKTPOMArHUTHbIX, MEXaHU4eCKWX, BUOPALMOHHbIX M TennoBbix npoueccos. Llenbio uccnepoBaHna ABNAETCA MOCTPOEHUE KOMMAKTHOW aHANMTUHECKOM
MOZeNu, NpUroAHOW ANA NPEAUKTUBHOW aHAIUTUKU UM FEHEpaLMM CUHTETUHECKUX AaHHbIX AJiA OOYHYEeHWA WHTENEKTyalbHbIX AWArHOCTUHECKUX CUCTEM.
Metoponorvs MccrnefoBaHUA OCHOBaHa Ha (DOPMYNMPOBKE CUCTEMbl OBbLIKHOBEHHbIX AW EpeHLMaNbHbIX YPAaBHEHUM, OMUCHIBAIOLLMX AMHAMMUKY TOKa,
YITIOBOM CKOPOCTH, BUOpOMEpeMeLLeHna U TeMnepaTypbl, C ABHbIM YHETOM B3aMMOZENMCTBUIM Mexay pasnuuHbiMM dusnyeckummn nogcucteMamu. Mogenb
BKJ/IOHAET TEMMNEPATYPHYIO 3aBUCUMOCTb SNIEKTPUHECKUX MapaMeTPOB, BNIUAHWE BUOPaLMiA Ha TPEHUE U TEMTOBbIAENEHUE, @ TAK)KE MEXaHU3Mbl OBpaTHbIX CBA3EMN
Mexay noacucreMamMu. MNpoBeAEH TEOPETUYECKMI aHAIM3 MOAESM, BKIFOMAOLMIA [OKA3aTeNbCTBA JIOKANIbHOM U 106anbHOM pa3pelumMocTy, a TakKe BbIBOA,
aMpUOPHbIX OLIEHOK PeLLeHUi. BbInonHeHbl YNCEHHbIE SKCMEPUMEHTbI MyTEM MOAENMPOBaHWA paboThbl ABUraTeNa C NocneaytowmM Ao6aBneHneM LWyMa Ans
MMUTALMK peasibHbIX YCNoBUM u3MepeHui. [onyyeHHble pe3ynbTaTbl BbIABMAIOT XapaKTepHble 3aKOHOMEPHOCTU MEPEXOAHbIX MPOLIECCOB, BKOYAA BAUAHME
BUOpaLM Ha AWMHAMUYECKYHO CTabunusaumio U pocT TeMrepatypbl. PesynbTatbl MOryT GbiTb MpUMEHeHb! MpY pa3paboTke LMQPOBLIX ABOMHUKOB, CUCTEM
TEXHWNYECKOTO OBCY)KMBAHWA MO COCTOAHMIO (MPEAMKTUBHOTO OBCTYXKMBAHMA) WU rFEHepaumum CUMHTETUYECKUX HabopoB AaHHbIx. [lpegnaraemas Mogens
obecneumBaer 6anaHc Mexay PuUaNHecKoN MHTEPMNPETUPYEMOCTLIO U BbIYUCIIUTENLHOW 3PPEKTUBHOCTBIO, YTO AENaeT eé MPUrOAHOM ANA NMpUMEHEHUA B
peanbHOM BpPEMEHMW.

Knroueeble crnoea: mamemamuveckoe obecnedeHue, nekmpodsuzamers, 2eHepauUa CUHMeMUYECKUX OaHHbIX, 83AUMOCEA3b subpauul, memnepamypbl u 3neKmMpomazHUMHoU
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