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ANALYSIS OF THE TEMPERATURE FIELD OF A HIGH-EFFICIENCY INDUCTION MOTOR

Introduction. In high-power induction motors, the problem of heat removal arises due to the increased density of losses in active elements. The preferred
method of cooling induction motors is air cooling. An effective way to study the thermal state of an induction motor is the theoretical calculation of
interdependent electromagnetic and temperature fields with experimental verification of the calculation results. Purpose and objectives. Determination
and analysis of the three-dimensional temperature field of a high-efficiency induction motor using two-dimensional mathematical models and experi-
mental measurement of the outer surface using a thermal imaging camera. Methods. Using interconnected two-dimensional electromagnetic models
and three thermal submodels representing the stator slot segment and the central radial and axial sections, the three-dimensional magnetic field of a
high-efficiency induction motor was reconstructed and experimentally validated. Results. The calculation of the electromagnetic field that determines
the distribution of heat sources in the motor was performed. The temperature field is found iteratively by matching the temperature fields in the stator
slot segment, in the central radial and axial sections of the motor with corrected thermophysical parameters. Conclusions. Measurement of the temper-
ature of the electric motor housing using a thermal imaging camera confirmed the reliability of theoretical calculations. The relative error between the
calculated and measured temperature values on the outer surface of the induction motor housing is 2-6%.

Keywords: induction motor, two-dimensional mathematical models, electromagnetic field, temperature field, experimental studies, thermal imag-
ing camera.

C.E. IBEHUC, B.®. BOJTIOX

AHAJIT3 TEMIIEPATYPHOTI'O NIOJIAA BUCOKOE®EKTUBHOI'O ACUHXPOHHOTI'O JIBUT'YHA

Beryn. B acHHXpOHHHX ABHI'YHAX BHCOKOI ITOTYXKHOCTI BHHHKAE IIPoOJIeMa Bi/IBEACHHS TeIUIa Yyepes I ABUIICHY I'YCTHHY BTPAT B aKTHBHHX CJIEMEH-
Tax. [TepeBaKHUM METO/IOM OXOJIO/KEHHS aCHHXPOHHHX JABUTYHIB € MOBITPsIHE OXOJIOKeHHs. EQEKTHBHIM CI0COOOM JOCII[PKEHHS TEIIIOBOTO CTaHy
ACHHXPOHHOTO JIBUTYHA € TEOPETHYHUI PO3PaxyHOK B3a€MO3AJIC)KHUX CICKTPOMArHITHUX Ta TEMIIEPATyPHUX IOJIB i3 eKCHEPHMEHTaIbHOI Bepudi-
Kalli€lo pe3yJbTaTiB po3paxyHKy. Mera Ta 3aB1aHHs. BusHaueHHs Ta aHai3 TPUBUMIPHOTO TEMIIEPATYPHOTO HOJIS BUCOKOS(EKTHBHOIO aCHHXPOH-
HOTO JIBUT'YHA 3a JOIIOMOTOI0 IBOBUMIPHUX MaTeMaTHYHNX MOJEIEH Ta eKCIIEPHMEHTAIBHIN BUMIP 30BHILIHBOI TOBEPXHI 3a IOIIOMOT OO TEIUIOBI 3iii-
HOi kKamepu. MeToau. 3a JOMOMOTrOI0 B3a€MOIOB'SI3aHUX TBOBHUMIPHUX MOJIEIICH eeKTPOMArHITHOTO MOJIS Ta TPHOX MOJENEH TeMIIepaTypHOro OIS Y
CEerMeHTI 11a3a cTaTopa, y HEeHTPaIbHHUX PaialbHOMY Ta aKCialbHOMY Hepepi3i BU3HAYEHO TPUBHMIpHE MarHiTHE MOJie BHCOKOS()HEKTHBHOIO aCHHXPOH-
HOTO JBUT'YHA 3 EKCIICPUMEHTAIBHHM ITiATBEPUKCHHSIM JOCTOBIpHOCTI. Pe3ynbTaT. BUKOHAHO PO3paxyHOK €JIEKTPOMArHiTHOTO II0JIs, [0 BU3HAYAE
O30T KEpe Teruia y ABUryHi. TemmepatypHe mose 3HaX0JUThCs ITepaiifiHiM CII0COO0M IUIXOM Y3rODKEHHS TeMIIEPATyPHHX MOJIB y CerMEHTI
asa CTaTopa, B LICHTPAJIbHUX paIiabHOMY Ta aKCialbHOMY Iepepi3ax IBUTYHA P KOPHUTyBaHHI Teruiodi3uyHux napamerpis. BuBomu. BiumiproBanms
TEMITEpaTypH KOPILyCy IeKTPOBHUTYHA 3a JJOIIOMOTO0 TEIUIOBI3iHOT KaMepH IMiATBEP/IHIIN JOCTOBIPHICTh TEOPETHYHHX PO3paxyHKiB. BigHocHa mo-
XMOKa MK pPO3paxoBaHUMHU Ta BUMIpSIHUMH 3Ha4E€HHSIMU TeMIIEpaTyp Ha 30BHILIHIH MOBEpXHI KOPIyCy aCHHXPOHHOTO JABHI'YHA CTAHOBUTH 2-6 %.

Ku11040Bi cj10Ba: acCHHXPOHHUH JBUTYH, IBOMIpHI MaTeMaTUYHI MOJIET, EIEKTPOMArHITHE TI0JIE, TEMIIEpaTypHe T0JIe, EKCIIEPUMEHTAIBHI 10CITi-

JOKEHHS], TEIUTOBI3iiHa kKaMepa.

Introduction. When designing high-speed, high-power
induction motors (IMs), the problem of heat dissipation
arises due to the high density of losses in the motor’s active
components [1]. The resulting temperature increases affect
the motor’s service life and performance and can lead to
failure. The heat generated during operation negatively af-
fects the motor’s efficiency, can cause the motor to over-
heat, degrade the insulation of the windings, and poten-
tially lead to a short circuit. Therefore, it is necessary to
control the thermal processes of these motors to ensure re-
liability and improve performance [2]. Reducing the over-
heating temperature of the stator windings and rotor bars
can be achieved by improving the cooling of its active ele-
ments and reducing losses. In this context, the application
of cryogenic cooling of the windings is being investigated,
which can even improve the performance of the electric
motor [3].

Thermal analysis is a critical stage in the design of elec-
tric machines [4, 5]. It helps develop effective thermal
monitoring methods, provides a better understanding of the
motor’s overall performance, and prevents equipment fail-
ure. Temperature measurement in electric motors is crucial
for protecting components from overheating and for max-
imizing their power and torque output. Since direct meas-
urement involves costs and integration challenges, model-
based temperature estimation methods are becoming in-
creasingly important. These methods can be categorized
into indirect methods that track temperature-sensitive

motor parameters, direct methods based on thermal net-
works with concentrated parameters, and machine learning
methods [6, 4].

Various methods are used to cool induction motors, in-
cluding cryogenic cooling, hydrogen cooling, heat pipes,
and the use of phase-change materials [7]. It is noted that it
is advisable to use a combination of different cooling meth-
ods for individual motor parts, as they are subjected to un-
even thermal loads. This allows the temperature within the
motor to be regulated, which increases the torque and effi-
ciency of the motors.

Using the heat transfer coefficient and maximum heat
flux as key performance indicators, this study examines in-
direct and direct air cooling, jacket cooling, spray cooling,
heat pipe cooling, flood cooling, immersion cooling, inter-
turn cooling, intra-turn cooling, and cooling using phase-
change materials [8].

However, the predominant method of cooling asyn-
chronous motors is air cooling using external fins, air
ducts, air gaps, and fan impellers [9]. Internal cooling using
rotor and stator air ducts, along with optimized duct geom-
etry, demonstrates the potential to increase the power-to-
size ratio and reduce motor dimensions. In contrast, liquid
cooling systems provide a power-to-weight ratio of up to
25 kW/kg, achieved through stator heat exchangers and
cooling tubes. In [10], it is shown that for an induction mo-
tor, water cooling reduced operating temperatures by
39.49% at the end windings, by 41.67% at the side
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windings, and by 56.95% at the stator core of the induction
motor compared to air cooling. However, liquid cooling
systems are complex, require maintenance, and demand a
high degree of protection against moisture and dust ingress.

This paper examines effective methods for regulating
the temperature of an induction motor [11]. Particular at-
tention is paid to energy losses, hot spots, the effect of
overheating on motor efficiency, various cooling strate-
gies, specific experimental approaches, and power control
methods. The method of concentrated parameter schemes
and the finite element method for thermal analysis and var-
ious cooling strategies are discussed.

Using temperature measurements with thermocouples,
a thermal analysis of the motor is performed in real time,
taking into account the operating cycle [12]. The highest
temperature is observed at the end windings due to the low
heat transfer rate through the winding insulation and air
gap. Introducing a channel for fluid flow increases the heat
transfer rate, and the temperature of the end winding can
be reduced by up to 15%.

Using three-dimensional computational fluid dynam-
ics, the thermal behavior of motors with fully enclosed fan
cooling is investigated [13]. A realistic stator geometry
with cooling channels is considered, and rotor rotation is
taken into account. Measured airflow data are used to sim-
ulate the air velocity in the cooling channels. The loss dis-
tribution is obtained using a transient electromagnetic fi-
nite element model. The boundary conditions employ a
model of total radiation along with natural convection.

Problem Statement. An increase in motor temperature
is closely related to its operating conditions. When the mo-
tor is overloaded, the current in the windings can lead to
localized overheating of the windings, which jeopardizes
the safe operation of the motor. To determine the heating
state of an induction motor under various operating condi-
tions, a three-dimensional thermal model of the motor was
developed to calculate the transient rise in motor tempera-
ture under normal operating conditions and typical winding
fault conditions [14]. Using this model, the influence of op-
erating conditions on the motor’s thermal characteristics
was investigated.

A mathematical model with concentrated parameters is
used to determine the temperature distribution inside an in-
duction motor, assess its thermal stability, and verify the
insulation of copper windings under various operating con-
ditions [15]. Analysis of the thermal model showed that the
most heated elements in an induction motor are the end
windings and the rotor bars. This is due to losses in the sta-
tor copper and losses in the rotor bars, which depend on the
stator current. The stator current can increase due to an in-
crease in torque or a decrease in stator frequency, which
leads to a rise in the temperature of each element. The ther-
mal model of the induction motor was verified by compar-
ing the calculated temperatures of each element with ex-
perimental results obtained using thermocouples connected
to a computer via a data logger.

Various thermal analysis methods are employed, in-
cluding the finite element method, a thermal network with
concentrated parameters, and computational fluid dynam-
ics tools, across different cooling strategies. An integrated
approach utilizing two or more cooling strategies allows

for combining the advantages of individual systems while
compensating for their shortcomings [2]. For motor analy-
sis, a combined electromagnetic, mechanical, and thermal
calculation is performed using modern CAD tools based on
two-dimensional finite element models [16, 17].

Using the ANSYS Motor-CAD program, the tempera-
ture field of an induction motor was constructed, and the
effectiveness of using nanofluids as a cooling medium was
investigated [18]. It was found that the thermal conductiv-
ity of nanofluids exceeds that of traditional cooling media,
such as air and water. Nanofluid can significantly improve
motor efficiency, thereby reducing temperature rise and in-
creasing system efficiency. The use of CuO nanofluid as a
cooling medium in an induction motor resulted in a 10%
reduction in motor housing temperature.

Based on a physical model of flow in the internal and
external air ducts, the flow patterns and pressure distribu-
tion were determined, boundary conditions for calculating
the coupled thermal field were established, and the temper-
ature distribution inside the machine was obtained [19].
Thus, effective ventilation increases power output while
reducing the motor’s mass and energy consumption.

For a high-power motor with high torque and rotational
speed, a cooling mechanism integrated into the motor rotor
is proposed [1]. It consists of six channels inside the hollow
shaft, through which air is drawn in by the centrifugal force
of the rotating rotor. The proposed mechanism creates an
airflow inside the motor; its velocity increases proportion-
ally to the rotational speed, convective heat transfer im-
proves, and the temperature of hot spots decreases. How-
ever, this system is ineffective at speeds below 5,000 rpm.

To address the issue of overheating in high-efficiency
high-voltage motors caused by high power density and
electromagnetic load, a flow network was developed to
predict temperature and analyze motor energy efficiency
[20]. To this end, local 3D fluid-solid interaction models
were created, which are effectively linked to the global
fluid flow network of the motor via fluid pressure. The
model is used to find an optimized design that improves
cooling by varying the height of the air deflectors and ad-
justing their number. The maximum temperature of the sta-
tor and rotor of the internal ventilated channel, as well as
the temperature at the outlet of the internal ventilated chan-
nel, are reduced, which allows for a further increase in the
motor’s power output.

A comparison of various approaches to studying ther-
mal phenomena in induction motors is conducted [21]. In
the first approach, temperature-dependent material proper-
ties were used, and changes in the power supply current
were taken into account. The second approach was inde-
pendent of temperature throughout the entire simulation.
This eliminates calculation errors caused by the variability
of air thermal conductivity. This method allows for a re-
duction in the number of elements in the final model, since
the air in the air gap is not meshed, which leads to a reduc-
tion in computation time.

An approach is proposed for the fast and efficient real-
time estimation of the rotor temperature in an induction
motor [22]. It consists of three stages: 1) converting non-
linear differential equations into discrete algebraic equa-
tions based on measured voltage and current, 2) obtaining
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approximate analytical solutions for the rotor resistance
and stator inductance, which are used to estimate the rotor
temperature, 3) development of a general procedure for ob-
taining approximate analytical solutions to nonlinear dif-
ferential equations. Experimental results show that the
method provides a minimum estimation error, which com-
plies with the standards established by IEC 60034-2-1.

The effect of poor-quality electrical power on the oper-
ating temperature conditions of an induction motor is in-
vestigated [23]. Experimental and analytical dependencies
of the motor temperature change over time when connected
to a supply voltage with various sinusoidal distortion coef-
ficients are presented.

Thus, currently the most effective method for studying
the thermal state of an induction motor is the theoretical
calculation of interrelated electromagnetic fields with ex-
perimental verification of the calculation results. The most
effective computational models describe the 3D configura-
tion of an induction motor. However, such models require
significant computational resources and powerful com-
puter hardware.

The most effective experimental methods involve
measuring the temperatures of the hottest motor compo-
nents. Since these components are located inside the motor
block, significant challenges arise when attempting to in-
stall appropriate temperature sensors in them.

Purpose and Objectives. To determine and analyze
the three-dimensional temperature field of a high-effi-
ciency induction motor using two-dimensional mathemati-
cal models and to experimentally measure the outer surface
using a thermal imaging camera.

Scientific novelty. Using an interconnected two-di-
mensional electromagnetic field model and three tempera-
ture field models in the stator slot segment, at the central
radial and axial cross-sections, the three-dimensional mag-
netic field of a high-efficiency asynchronous motor was de-
termined with experimental validation of its accuracy.

Problem Statement. Consider the temperature field of
a prototype three-phase squirrel-cage motor connected to a
power grid with a frequency of f; = 50 Hz, which has a rated
power of Py = 110 kW, a shaft height of 280 mm, and a
pole pair number of p = 2. This motor has outer diameters
of the rotor core d, = 237.8 mm and the stator d; =420 mm,
their length /, = 340 mm, and an air gap of 1.1 mm. The
stator has O,= 48 slots, and the rotor has O, = 40 slots. The
stator winding is a two-layer, diametrical, distributed wind-
ing. The closed rotor slots are chamfered at 2.9°. The core
material is M400-50A steel. This fully enclosed motor with
a cast iron housing and low-pressure fan cooling is de-
signed to achieve IE3 energy efficiency (Fig. 1). The re-
sults of the motor test according to the protocol are pre-
sented in Table 1.

Let us consider the steady-state electromagnetic and
thermal processes during the motor’s rated operating
mode. We examine the electromagnetic field in a cross-
section of the motor’s active zone.

Fig. 1. Prototype of a three-phase induction motor during testing

Table 1 — Motor test results

Electrical power Pi 115,729 kW,
Mechanical power P> 110,313 kW
Voltage Ui 401V
Rated current /i 1842 A
No-load current /o 37,15 A
Power factor cos ¢ 0,905
Rotational speedna 2979,87 rpm
Torque M> 352,92 Nm
Efficiency n 95,32 %
Winding temperature rise 01 69,8 °C
Rear bearing temperature 7 26,1 °C
Front bearing temperature 7y 30,0 °C

A two-dimensional computational model was adopted
for numerical field studies using the ANSYS Motor-CAD
software [24]. The motor computational model represents
its design and incorporates the distribution and directions
of currents in the windings, as well as the magnetic prop-
erties of the cores. The program uses polar coordinates r,
a. The directions of the rotor rotational frequency n, and
the stator magnetic field n, coincide with the direction of
the o coordinate.

The currents in the stator phase windings are defined
as:

Igq =L pg COS(O41) 5 Igp =1 COS(0O1 — %71’,) ;
iy = Iygcos(ogt+ 4 m), (1)
where 1, =.[2-I, — current amplitude; I, — their rms

value; ws~2nf; — angular frequency; t — time.

The phase currents of the stator winding are specified
at time t=0, so their instantaneous values are given by:
isA = Ims, 1sB = isc = -0,5I .

The ANSYS Motor-CAD software employs a lumped-
parameter thermal network approach combined with ana-
lytical and empirical correlations to evaluate heat transfer
in the motor. Finite element methods are applied locally,
where necessary, to refine thermal parameters in complex
regions such as the stator slot.

For the electromagnetic field analysis, a two-dimen-
sional finite element formulation is used, governed by the
following equation:

1 - -
ro{ m rot(kA, )} =kJ,, 2)

where J., A: are the axial components of the current density

vector and the magnetic potential vector; & — the unit vec-
tor of the z-axis; 1 — magnetic permeability: either the mag-
netic constant po for non-magnetic regions, or determined
for the magnetic flux density B along the core’s
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magnetization curve.

Equation (2) is supplemented by a boundary condition
— the value of the vector magnetic potential at the boundary
of the computational domain. A homogeneous first-kind
boundary condition is specified at the outer boundary of the
stator core, accounting for the absence of stray magnetic
fluxes on the stator yoke.

As a result of solving Equation (2) using the ANSYS
Motor-CAD program, we obtain the distribution of the vec-
tor magnetic potential 4. and the magnetic field induction
B in the cross-section of the motor (Fig. 2). After solving
Equation (2), the components of the magnetic induction are
determined using the known values of the vector magnetic
potential

B =04 /0y; By =04, /0x. (3)
The results of the calculation of the two-dimensional

magnetic field in the cross-section of an induction motor
are shown in Fig. 2.

BT |
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oss-section of

Fig. 2. Magnetic field distribution in the cr
an induction motor

Power losses in the stator winding and core are
calculated using conventional methods. Losses in the stator
winding:

p =31 R(T), )

where R;(T) is the active resistance of the stator winding
phase.

We neglect iron losses in the rotor core, while losses in
the stator yoke and teeth are calculated using empirical for-
mulas [25]:

p;= p1/50(0,02f)1’5kj312,mj > (9
where j=a, z — are the indices of the yoke and stator teeth,
respectively; k; are coefficients accounting for non-uni-
formities in the magnetic flux distribution; B; — average
values of magnetic induction; m; — masses of ferromagnetic
elements; p /50 — specific loss value at 1 T induction and 50
Hz frequency.

Specific power losses in the stator winding, the stator
yoke, and the stator teeth:

lepl/Vl;Qalzpa/I/a;Qzl:pz/l/z’ (6)
where V;, V,, V- are the volumes of the stator winding con-
ductors, the yoke, and the stator teeth, respectively.

Based on equations (1)-(6), the parameters of the induc-
tion motor are calculated, which are used to determine its
temperature field.

Mechanical friction losses accounted for in the model

are introduced in the form of equivalent power losses due
to friction in the bearings, aerodynamic losses in the venti-
lation unit, and friction between the rotor surface and the
air, as well as in the shaft seals (if present in the design).
Thus, the electromagnetic calculation of an induction
motor allows determining the distribution of losses, which
are introduced into the thermal model as heat sources.
The thermal field of an induction motor can be described
by a steady-state heat conduction differential equation in
Cartesian coordinates [26]:

2 2
z(T){a o) 2 T(ﬁ’y)} - —0(x.). ™
ox oy

where A(T) =A,(1+,AT) — the temperature-dependent

thermal conductivity coefficient, fr — an experimentally
determined constant.

Third-order boundary conditions are imposed on the
outer boundaries of the computational domain and on the
surfaces of the ventilation ducts:

x(T)z—Z —hWT-T)),  ®)

where A(v) is the heat transfer coefficient from surfaces,
which depends on the cooling air flow velocity v; To, is the
average temperature of the cooling air, determined by tak-
ing into account its heating as it flows through the cooled
channel.

On the outer surfaces of the casing, fins, end plates, and
protruding structural elements, the heat transfer coefficient
was specified locally with different values depending on
the surface area.

Detailed boundary conditions were applied to the
finned surface of the housing. The inner contour of the fin
on the side facing the inter-fin channel and the outer con-
tour of the fin were assigned different heat transfer coeffi-
cients.

Each fin was divided along its length into sections, each
of which was assigned its own heat transfer coefficient.
Thus, the heat transfer coefficient was specified as a piece-
wise-constant function of the coordinate, which allowed
for changes in airflow conditions along the fin’s length and
differences in heat exchange on its inner and outer surfaces.

A combined approach was used when specifying
boundary conditions on the surfaces of the end plates and
the motor’s internal cavities. For some surfaces, heat trans-
fer was determined by air thermal conductivity in the cor-
responding internal regions. For other surfaces, such as
sections of the shields and structural elements, third-order
boundary conditions with different heat transfer coeffi-
cients were applied.

The air gap was modeled as a region with the thermo-
physical properties of air, ensuring heat transfer via ther-
mal conductivity, and a third-kind boundary condition was
additionally applied to the outer surface of the rotor, which
accounted for the intensification of heat transfer associated
with the rotor’s rotation.

In ANSYS Motor-CAD, the temperature field of an in-
duction motor with a radial fan is calculated by accounting
for heat transfer between the motor housing and the sur-
rounding environment. The boundary conditions take into
account convection, radiation, and air circulation.
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For the outer surface of the housing, the boundary con-
dition includes three heat transfer mechanisms: forced con-
vection, natural convection, and radiation, which combine
to form a single heat transfer coefficient.

Forced convection is accounted for during air cooling,
and its magnitude is determined by the flow velocity gen-
erated by the radial fan and the geometry of the ducts:

V=Vr~k,-n~n;1’ ©)

where V is the local air velocity; V. is the reference veloc-
ity; k; is the leakage coefficient; n, n, are the current and
reference rotational speeds, respectively.

For inter-fin channels, the heat transfer coefficient under
forced convection [27]:

hy,. =0,25L'pC,D V' [1-exp(-m)], (10)

where p is the air density; C, is the specific heat capacity;
Dy is the hydraulic diameter of the duct; L, is the length of
the duct; m — is a parameter defined as

7094 0,214
m=01418 = _| Za_|
D, \ pCV
where A, — thermal conductivity of air.
These relationships determine the baseline heat transfer
rate characteristic of the motor in question. To account for
flow turbulence, a factor Au.» is introduced to increase the
heat transfer coefficient:

R =M > 2 (12)

forc
Natural convection is determined by the temperature
difference between the motor casing surface and the sur-
rounding environment, with a heat transfer coefficient

h.=Nu-\-L', (13)
where is the is the Nu = f(Gr-Pr) — Nusselt number,
Gr=g- V’ZLZB(TY —Tw) —  Grashof

Pr= Cp?\._lp — Prandtl number, g — acceleration due to

(11

=1,7..19

turb urb

number,

gravity; B — coefficient of volumetric expansion; 7y — sur-
face temperature; T., — ambient temperature; v=p-p ' —
kinematic viscosity; p — dynamic viscosity.

The contribution of natural convection is determined by
the current temperature level and becomes significant
when the air flow velocity V decreases substantially.

Radiative heat transfer is included in the heat transfer
boundary condition and is determined using the equivalent
coefficient:

hy, =eo(T* —TA\T, -T, )", (14)

where ¢ is the surface emissivity; 6=5,67-107 W/(m?-K*).
Radiative heat transfer is taken into account when calculat-
ing external heat transfer, regardless of the convection re-
gime.

The total heat transfer coefficient, accounting for
forced and natural convection with radiation:

h=h{l +h, +h,. (15)

In the process of calculating the temperature field, the
heat transfer coefficients are taken into account as follows:
at each step of the iterative calculation, 4,4 1 44 are recal-

eff .

culated based on the current surface temperature 7 7 fore 18

determined based on the specified flow velocity, and then
the total coefficient / is calculated.

Thus, the motor’s temperature field is determined by
the combined action of forced and natural convection with
radiation as part of a single heat transfer boundary condi-
tion. In this case, forced convection plays the dominant
role, while the contribution of natural convection and radi-
ation is determined by the current temperature regime and
cooling conditions.

The heat transfer coefficient from the wall of a circular
duct to the air is described by the relationship [26]:

a(V) = 0,0272 .a_0,78 .dk70,22 'V0’78 ’ (16)

where 0=MT)/Cy=2,4-10"° m?/s — thermal diffusivity of air
at 40 °C; A=0.0267 W/m-°C — thermal conductivity of air
at 40 °C; C, = 1020 J/kg-°C — specific heat capacity; di —
duct diameter. The flow velocity v; in the i-th ventilation
duct is expressed in terms of the cooling air flow rate P; in
the duct and the duct cross-sectional area s;:
vi=Fls;, 7)
An air-cooled induction motor includes ventilation
ducts and various chambers. To move air, the fan generates
a pressure H, which overcomes the system’s aerodynamic
resistance z at an air flow rate Q [25]:

H = zP? (18)

Table 2 — Motor losses, kKW

Electrical AP. 1,55

Magnetic losses in the stator APm: 1,02

losses in the aluminum rotor cage APm2 | 0,761

Frictional APpex 1,36

Stray losses AP 0,72

Total losses AP 5,411

An iterative approach is used to determine the motor’s
temperature field, in which the values of the parameters for
active materials, boundary conditions, heat losses, the
magnetic field, and the temperature distribution are ad-
justed during the calculation process.

Results. Experimental tests of the specified motor were
conducted on a special test bench, where various types of
losses were determined (Table 2). The experimentally
measured loss values agree with the calculated values to
within 7-10%.

Since the temperature field in an induction motor is
three-dimensional, three interconnected mathematical
models were developed to simulate it using ANSYS Mo-
tor-CAD: one for the stator slot segment, one for the central
radial cross-section, and one for the central axial cross-sec-
tion of the motor (Fig. 3). This system of mathematical
models allows the temperature field distribution along the
electric motor housing to be calculated using an iterative
method, taking fan cooling into account.

When calculating the temperature in the stator slot seg-
ment, its actual geometry and structure are taken into ac-
count, including copper conductors, insulation, a wedge,
and an impregnation layer (Fig. 3a). Second-order bound-
ary conditions are specified on the selected straight slot
boundaries, and third-order boundary conditions on the
outer and inner radial boundaries. This model allows for
the calculation of the temperature in the insulation, which
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is important for its reliability. The temperature is lowest on
the outer surface of the stator housing, at approximately
64°C, while the temperature is highest on the inner surface
of the stator, at approximately 97°C.

993,5°C 2,9
114,35C*9L 15C

i
*ll.l-‘S’C

Fig. 3. Temperature distribution in the stator slot segment (a), in
the central radial cross-section (b), and in the central axial cross-
section (c) of the motor

When calculating the temperature in the central radial
cross-section of an electric motor, the windings and tooth
structures of the stator and rotor cores, the outer stator cool-
ing fins, and the rotor shaft are taken into account (Fig. 3b).
An increased concentration of mesh elements is specified
in the air gap between the inner surface of the stator and
the outer surface of the rotor.

In this model, the temperature is calculated at the cor-
ners of the frame, the tips and bases of the cooling fins, and
at the points where the legs connect to the housing. How-
ever, this model uses averaged convection values, does not
account for the bearing shields, and does not reflect tem-
perature non-uniformities along the motor housing.

When calculating the temperature in the axial direction
(Fig. 3c), one can estimate the temperature distribution
along the axis: in the shaft, bearings, bearing shields, and
fan. This model uses data from the segmented (Fig. 3a) and
radial (Fig. 3b) models to refine the temperatures of the ro-
tor and stator windings.

This model allows for the assessment of the thermal
state of all machine components: the housing along the
axis, taking into account changes in cooling and radiation
conditions; the bearing shields; the bearings (taking into
account mechanical losses); the shaft at the drive end, the
shaft section under the rotor pack, the rotor pack itself and

the rotor cage along its length, the end sections of the wind-
ing, the fan (taking into account fan losses), the rear shield,
and the casing.

However, in this model, its thickness is equal to the
thickness of a single frame rib. Inside the stator and rotor
slots, the level of detail is limited, so refined data from pre-
vious models is used.

Thus, for an adequate assessment of the thermal state
of an induction motor that accounts for the actual geometry
of the machine, the physical properties of materials, and
cooling conditions (including changes in convection and
radiation), it is advisable to use a combination of intercon-
nected models, each of which has its own advantages and
disadvantages.

The slot segment model provides micro-detailing and
identifies local overheating in the stator and rotor wind-
ings. The radial model reflects heat paths from the winding
to the housing. The axial model shows the temperature dis-
tribution along the length of the machine, including the
bearing assemblies.

The temperature field in an induction motor is deter-
mined iteratively by matching the temperature fields in the
stator slot segment and in the central radial and axial cross-
sections of the motor through the adjustment of thermo-
physical parameters.

The iterative coupling of the slot, radial, and axial mod-
els enables the reconstruction of the three-dimensional
temperature field of the induction motor.

To verify the computational model, experimental stud-
ies were conducted by measuring the temperature of the
electric motor housing using a “TiS60+ Fluke Thermogra-
phy” thermal imaging camera (Fig. 4).

The results of the calculated and measured average
temperatures at certain locations on the induction motor are
presented in Table 3, where:

Section No. 1 — On the side surface of the ribs;
Section No. 2 — On the front bearing shield;
Section No. 3 — On top of the housing;

Section No. 4 — On the motor feet.

Table 3 — Results of calculated and measured average tem-
eratures in motor sections

Section Calculated Measured Measured
No 1 43,9 °C 42,6 °C 2.9%

Ne 2 73,8 °C 78,3 °C 6,1 %

Ne 3 46,9 °C 47,5 °C 1,3 %

Ne 4 45,9 °C 35,9 °C 21,7 %

A comparison of the calculated and measured average
temperatures on the outer surface of the induction motor
housing shows that the relative error is 2-6%, which is an
acceptable result for verifying the computational model.
The exception is a significant error of 21,7% at the motor
feet and bearing assemblies. This significant difference can
be explained by the fact that the induction motor is
mounted on a base to which heat is dissipated from the mo-
tor legs, as well as by the use of an analytical model and a
simplified calculation of heat dissipation from the bear-
ings. Therefore, the measured temperature value is lower
than the calculated value, where the motor is considered
thermally isolated from external devices.
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Makc. = 54,3/lakc. = 76,5
Cpep. = 48,3 pen. = 69,4
MwH. = 37,4 MuH. =59,3

Cpea. 5 42\,6\
Muti 34,5

24.1°C

b
Fig. 4. Results of temperature measurements taken from the side
(a) and the end of an electric motor housing using a thermal
imaging camera

Thus, it can be concluded that the experimental results
confirm the calculated results, which indicates the correct-
ness of the proposed mathematical model.

Based on this, the calculation model is used to identify
the hottest areas without installing special sensors inside
the electric motor.

Conclusions. Using coupled two-dimensional electro-
magnetic and thermal models, the three-dimensional tem-
perature field of a high-efficiency induction motor was re-
constructed.

The electromagnetic field calculation provides the dis-
tribution of power losses, which are introduced into the
thermal model as heat sources.

The temperature field in the induction motor is deter-
mined by an iterative method of matching the temperature
fields in the stator slot segment, in the central radial and
axial cross-sections of the motor, by adjusting the thermo-
physical parameters.

Experimental studies involving the measurement of the
electric motor housing temperature using a thermal imag-
ing camera confirmed the accuracy of the theoretical cal-
culations. The relative error between the calculated and
measured temperature values on the outer surface of the in-
duction motor housing is 2-6%.
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