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ANALYSIS OF THERMAL STATE OF TRACTION BRUSHLESS PERMANENT MOTOR
FOR MINE ELECTRIC LOCOMOTIVE

Purpose. The study was conducted to analyze thermal state of the traction permanent magnet synchronous motor for mine electric
battery locomotive when operating in continuous and short-time duty modes. These operating modes are selected for study, as
they are typical for mine electric locomotives. Methodology. Thermal calculation was performed by means of FEM in three-
dimensional formulation of problem using Jmag-Designer. Results. The modeling results of thermal state of the PMSM in con-
tinuous and short-time duty operation modes showed good agreement with experimental results. The results showed that the tem-
perature of PM is higher than temperature of the stator winding in continuous operation mode. It was found that PM temperature
might reach excessive values because of the high presence of eddy current losses in neodymium PM. Therefore, special attention
in the design and testing of PMSM should be paid to the temperature of PM in various operation modes. Practical value. It was
recommended to use high temperature permanent magnets in traction PMSM to avoid demagnetization of PM and performance
degradation. References 7, tables 2, figures 10.

Key words: brushless motor, heat generation, temperature, losses, permanent magnet, coil, current, resistance, mathematical
model, FEM.

Bovinonnen nosepounviit mennoeoii pacuem msz06020 6EHMUNBHO20 O6U2AMENA C NOCMOAHHLIMU MAZHUMAMU NOCPEOCHEOM
KOHEUHO-I]1eMEeHMHOI UEenHo-noJ1e8oii mamemamuyeckoit mooenu na niameopme JMAG-Designer 6 mpexmephnoii nocmanoske
3aoauu. Ilonyueno pacnpedenenue memnepamyput u zpaguru nazpega oemaiei osuzamens. Ilpogeden cpagnumensvHolii ananus
Ppacuemnuvix u IKCREPUMEHMATILHBIX OAHHBIX MENI06020 COCMOAHUA 08UAMENA 6 UACOBOM U ONUMENLHOM PENCUMAX PAOOMbL.
Bu6n. 7, Tabm. 2, puc. 10.

Knrouesvie cno6a: BeHTHIbHBII ABUTraTe/]b, HATPEB, TEMIIEPATypa, NOTepH, NOCTOAHHbIA Maruut (IIM), kaTymka, MmaTemMaTu-
YyecKkasi Mo/ieJIb, MeTO/l KOHeYHBIX 3JIeMeHTOB.

Introduction. It is known that the traction motors for
mine locomotives are experiencing high electromagnetic
and thermal loads in difficult environments for different
operating modes. This imposes certain requirements for
performance since, cooling system and materials used in
the engine to provide desired performance. Therefore, an
important objective in the design of the traction brushless
motor with permanent magnets (BMPM) is an evaluation
of its thermal state which provides information on the dura-
tion of the motor operation at various modes and, if neces-
sary, adjusts the design to ensure that the necessary re-
quirements met [1-4].

In [5] the results of «Electrical Engineering - New
Technologies» LLC (Odessa) is presented to develop and
test BMPM for a mine locomotive. Overheating of the
stator windings were noted during continuous operation
of the BMPM as a part of the laden locomotive weight of
70.5 tons. This load corresponds to the BMPM hour mode
of operation.

The goal of the paper is control thermal calculation
and analysis of the thermal state of the traction BMPM [5]
for mine electric battery locomotive when operating in
hour and long-term modes. This analysis serves as a basis
for recommendations to improve the design of the traction
BMPM.

Object of investigations is the traction BMPM for a
mine battery electric locomotive designed by the «Electri-
cal Engineering - New Technologies» LLC the design of
which is shown in Fig. 1. Basic geometric dimensions and
winding data of BMPM are presented in Table 1. Parame-
ters of studied operation modes are presented in Table 2.

Method of investigations. The most detailed and
accurate picture of the temperature distribution it is possi-
ble to obtain by numerical methods based on the Finite
Element Method. These methods make it possible to per-

form the thermal calculation of the steady or transient
mode of heat exchange process in the three-dimensional
formulation of the problem and determine the temperature
of any part of the motor [3, 4].

Fig. 1. Salient-pole BMPM with concentrated stator winding:
1 — stator; 2 — rotor; 3 — shaft; 4 — PM; 5 — stator pole; 6 — stator
winding coils; 7 — stator slot

We present control thermal calculation of the con-
sidered BMPM in the software package for numerical
computations Jmag-Designer as well as the analysis and
comparison of the calculated and experimental data.

The first step of the thermal calculation is to develop
a BMPM 3D model which is to be detailed enough to
adequately describe the structure and properties of
BMPM than should include not only the active part but
the housing, shaft and slot insulation.
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Table 1
Geometrical dimensions and winding data of the motor

Name Value
Stator external diameter, mm 360
Stator internal diameter, mm 217
Number of teeth of stator, 12
Active part length, mm 240
Number of poles of rotor 10
Number of stator winding coil turns 10
Dimensions of magnets (NdFeB), mm 240%35.5%6.3
Air gap, mm 2.5
Table 2

Parameters of the BMPM operation modes

Mode Torque, | Rotation fre- | Consumption | Feeding
N | quency, RPM current, A voltage, V
Hour 210 600 130 120
Long-
te(rzm 100 760 70 120
hours)

Fig. 2 shows the prepared for calculations 3D model
of the BMPM. Its parts are modeled in such a way that
their sizes were close to real. It should be noted that the
shape of the housing parts and the shaft is simplified but
their volume equal to the real volume of parts of the
BMPM investigated. This simplification allows to reduce
the time spent on the creation of a 3D model at retaining
the basic structure’s properties for thermal calculation.

The second step is to determine the electric and
magnetic losses in the motor parts. For this electromag-
netic calculation of the BMPM at hour and long-term
modes has been made modes taking into account losses
due to eddy currents in the steel and PM.

To account the losses due to eddy currents, rotor sta-
tor and PM have been assigned the appropriate electrical
resistivity.

To perform the electromagnetic calculation to the
stator winding coils (SW) of the field model of the
BMPM in JMAG-Designer chains editor we connected
electrical circuit consisting of a constant voltage source,
an inverter with pulse width modulation, voltmeters and
ammeters (Fig. 3). Inverter keys control is performed us-
ing a model that implements vector BMPM control [6].

As the initial data of operation modes of the BMPM
model we set voltage, rotation speed and load torque.

As a result of the electromagnetic calculation
BMPM data were obtained on the losses in the stator,
rotor, SW coils and PM. Loss calculation results are
shown in Fig. 4 and Fig. 5.

From Fig. 4 and Fig. 5 one can see that the ratio of
losses in the SW coils and PM is different for the investi-
gated modes of the BMPM operation. At the long-term
operation mode losses in PM are greater than the losses in
the SW.

The third stage is proper calculation of the thermal
state of the BMPM where we calculate transient motor
heating process at the investigated operation modes.

For the calculation of each part corresponding heat
capacity and thermal conductivity was appointed. On the

outer surface of the housing the boundary condition (the
3rd kind) of the heat transfer was set with the heat transfer
coefficient of 12 W/m*°C which is the average for natural
convective cooling of similar motors’ structures under
normal conditions [7].

For each part, which is a heating source we set
losses calculated earlier. Furthermore, at the calculation
the dependence of electrical losses in SW on temperature
has been accounted.

— o
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Fig. 2. 3D BMPM model with simplified housing
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Fig. 4. Electrical (4P,.) and magnetic (4P,,) losses
in the BMPM (hour mode)
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Fig. 5. Electrical (4P,.) and magnetic (4P,,;)
losses in the BMPM (long-term mode)

Results of investigations.

Fig. 6, 7 show the results of thermal calculation as
the temperature distribution and heat flux vector for the
hour operation mode of the BMPM. It is evident that the
heat generated by the rotor and PM is removed through
the shaft, and the heat of SW coils is removed through the
stator and housing to the environment. This distribution of
the heat flow is typical for such electric motors, which
indicates the correct formulation of the problem.

Fig. 6. Temperature and heat flux distributions
(BMPM cross-section)

Fig. 7. Temperature and heat flux distributions
(BMPM longitudinal section)

Fig. 8 compares the experimental and computational
graphics of BMPM coil heating at the hour and long-term
operation modes. BMPM tests were carried out on the
stand of the «Energy» [5] Company.

Fig. 8 shows good agreement between the results of
calculation and experiment for long-term operation. In
this case the difference between the calculation and ex-
periment does not exceed 9 %.

T,°C

t, min,

Hour mode. Exper. Hour mode. Calcul.

=====Long-term mode. Exper. =====Long-term mode. Calcul.

Fig. 8. SW coils heating at hour and long-term operation modes

As a result of the experiment, it was found that in
47th minutes of operation at the hour mode of the BMPM
the overheating protection tripped. In this case the wind-
ing temperature reaches 110 °C. This fact is also con-
firmed by the results of calculation. The maximum differ-
ence between calculation and experiment is 25 %. This
difference can be explained by the uneven load on the
duration of the experiment.

Fig. 9, 10 shows graphs of heating of the BMPM
components in the hour and long-term operation. It is
evident that the process of heating is different at these
modes. For example, the temperature of the PM at the
long-term operation during most of the estimated time
exceeds the temperature of the SW coils. This can be ex-
plained by the fact that at the long-term mode, the current
consumption is smaller and the rotation rate is greater
than at the hour mode. As is known, the value of the mag-
netic losses is proportional to the frequency of magnetic
reversal, and the value of the electric losses is propor-
tional to the square of the current.

It should also be noted that at the hour operation
mode the PM temperature reached 82 °C which exceeds
the maximum permissible operating temperature of the
low-temperature neodymium PM. Therefore, in order to
avoid losing the properties of the PM and worsening per-
formance for the investigated BMPM it is recommended
to use PM with operating temperature of 120 °C and
higher.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6 17



140

120

100

80

60

40

0 10 20 30 40 50 60
Housing

----- Stator = « = Shaft
Fig. 9. BMPM parts heating (hour mode)
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Fig. 10. BMPM parts heating (long-term mode)

Conclusions.

1. The results of the modeling of the thermal state of
the BMPM at hour and long-term operation modes shown
good agreement with experimental results. The difference
between the calculations and experiments for the long-
term mode does not exceed 9 %, and the maximum diver-
gence of the calculated results and the experiment for the
hour mode is 25 %.
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2. As a result of calculations it was determined that the
PM temperature may reach high values because of the
presence in the PM significant eddy current losses. There-
fore, special attention in the design and testing of the
BMPM should be paid to the temperature of the PM at
various operation modes.
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