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Abstract

In order to design an efficient motor cooling systet is important to accurately predict the powsesses
which are normally dissipated in form of heat. Thtady presents an analytical method for estimating
bearing frictional losses and numerical methodefstimating electromagnetic losses for an eleciluate
BLDC motor. The power losses obtained are usectasdources when evaluating the thermal performance
of the motor. The results showed that electromaghesses are dominant and contribute over 80%lof a
losses, while bearing losses contribute about 1P%eototal electric motor. The results also showrest
bearing losses increase significantly with incnegsipeed or load.

Keywords: BLDC motor, bearing frictional losses, electromagnetic losgesles losses, eddy current
losses

1. Introduction

Extensive research on electric vehicle motor systegurrently being conducted to minimize overretia on
petroleum products and to curb emissions assoaiatedlimate change. When designing an electritomd is
important to study the motor losses in order td firays of improving motor efficiency and to desanefficient
cooling system. Motor losses consist of electroratigand mechanical losses.

The electromagnetic losses have been well undetssimce most electric motor designers have an
electrical background. Kyoung-Jin et al (Ko et &010), undertook a study to predict electromagneti
losses of a high speed permanent magnet synchrommisr using analytical and FEA. Coupled
electromagnetic and thermal studies have beenedalry various researchers (Driesen et al., 2002;
Marignetti, 2007; Z. Makni, 2007; Dorell, 2008). tnost of these studies, the effect of mechanicsdds
was neglected or expressed using a factor. Howeweagccurately predict the overall efficiency aotat
heat generated in a motor system, the mechani&s¢$o which include bearing and windage losseg ttav
be considered. This work aims at investigating éleetromagnetic and mechanical power losses o2a 1.
kW brushless direct current (BLDC) permanent magmator. The specifications of the motor are shown i
Table 1. The motor is to be used to power an éteatthicle compressor.

2. Bearing Frictional Losses

Bearing friction losses consist of four main comgats (Hamrock & Anderson, 1983):
1. Hydrodynamic rolling force.
2. Sliding friction losses between the rolling elenseaind the races.
3. Sliding friction between the rolling elements ahd separator/ cage.
4. Hysteresis losses.

2.1 Forces on Ball-Race Contacts
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The tangential forces acting on a ball-race contantbe evaluated from Figure 1. The following éxr@act
between the ball and the outer race: hydrodynaaiiing forces,FR,and friction forceds,. Also, between
the ball and the inner race act the following ferdeydrodynamic rolling force§R and friction forces-s.
Between the ball and the cage, act normal féige

2.2 Hydrodynamic Rolling Force

The hydrodynamic rolling force is due to the Poibeulow or pressure gradient in the inlet of an
elastohydrodynamic lubrication (EHL) contact andésponsible for the hydrodynamic race torque, even
when operating under pure rolling conditions. la #HL condition, this force can be approximatedhsy
relationship (Houpert, 1999):

FR — 286[E [R(Z D%)'348 EG0.0ZZELJ O'GGD\N 0.4 1)

whereG, UandW are dimensionless material, speed and load paeasn® is the equivalent radius in the
rolling direction,E’ is equivalent Young’s modulus akds radius ratio.

2.3 Sliding Frictional Forces

The friction forced=s and Fg on the two contacts are the sliding traction fordes to microslip occurring

in the contact. This force can be computed fromaskstresses on the contact ellipse (Houpert, 1999).
Since the variation of shear stress on the corgliftse is a complex problem, these forces can be
computed from equilibrium of forces and momentsngobn the ball (Figure 1 and 2)

The resulting sliding forces are given by:

MQ+MQ+MER+ME%—M%F%+FR+FR)QanW+E§

Fs = 2
3 d, d, ; @
Fs = MC, + MC + MdER + MER+ MB, FR - (FR + FR()}I d, cos cosy _F_ZB -

The coefficient of friction in the ball-race syste&®pends on the lubrication regime, whether limitetked or
full EHL. In this study, methods of Hamrock (Harmkp&994) were used to determine the coefficieritiction
based on the lubrication regime.

2.4 Frictional Torque Developed in Ball-Race Cotdac

From Figure 1, the total tangential foreeF,, between the ball and races can be determineakingtthe
algebraic sum of the contact forces in the rollingction.

F=FR + Fs @

F,=FR,+Fs, (5)

The friction torque developed between a ball anidraace contact is:
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M, =F R ©
M, =F [R, )

WhereR andR,are the radius of ball-inner race and ball-outeg @ntacts respectively.

Forzloaded balls, the total friction torque actingtioa bearing is obtained by summing all the frictimmgues
in the ball-race contacts:

MI=3 M, ®)

MI=>M,, ©)

2.5 Bearing Frictional Power Losses
The friction power loss from the bearing can be approximated by the product
of the friction torque and the orbital velocity of the balls, ws. Thus,

P=[MI +MO]w, (10)

The above set of equations is applied to individual bearings depending on
the number of bearings in the motor system.

The equations formulated in the study were codtal anFORTRAN program and simulated. An IPM motor
mounted between two ball bearings was analyzedeirstudy. The bearing reaction with a dynamic fastas
taken to as the bearing radial load. Table 2 slibevspecifications of a deep groove bearing us#ttimnalysis.
General purpose bearing lubricant was used inrthlgsis (SKF, 2009).

3. Electromagnetic L osses
Electromagnetic losses consist of two main comptsnen

I. Winding copper losseB,, that are caused by resistive heating of the coppetings and are defined
by:

P,=3RI? (11)

rms
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whereRy and I,ns are respectively the winding phase resistanceta@dRMS value of the
motor phase current.

Il. Core losse®, consist of eddy current losses and hysteresisteffebrushless DC motors, the
variation of flux in the stator core is not sinudadiand hence the iron core loss is given by:

. dB)’
P. =k, fB’ +%{E} (W/kg) (12)

rms

Where the first term is the hysteresis loss ands#eond is the eddy current losBiis the
peak value of the flux density ardk, « andk. are constants determined by curve fitting
from manufacturer’s data (Andrada et al., 2004).

The electromagnetic losses were obtained using fAMaxwell that e mploys finite element analysisued
to periodicity of the motor, only % of the motor svanalyzed in order to reduce the computational
requirements. Figure 3 shows the 2D FEA mesh of teomotor used in the study.

4. Resultsand Discussions
The results obtained in the above analyses aremexsand discussed in this section.

4.1 Bearing Losses

Generally, the load on a rolling element varieshimitthe load distribution zone. Methods by Briard an
Robert (Holm-Hansen & Gao, 2000) were employedeteanine the load distribution on a rolling element
Figure 4 shows variation of the contact load oaollng element.

Figure 5 shows the variation of hydrodynamic rglifarce and sliding friction force on a rolling elent with the
contact angle. It is evident that the load distiisuinfluences the contact forces on the rollitgrent as the
shape of the curves is similar to that of the Idiattibution.

Figure 6 shows the variation of the total bearogs las a function of angular displacement. Théuitions of the
loss are due to the change in the number of radliegients within the load carrying zone.

Figure 7 shows variation of frictional torque wétpeed which shows that the frictional torque ireeavith speed.
Figure 8 shows variation of power loss with sp&tien a motor system is to operate at high spdeeis,the
bearing frictional losses cannot be neglected (D@RO8).

4.2 Electromagnetic Losses
Figure 9 shows contour plots of the core loss obtained from MAXWELL
simulations.

Figure 10 and 11 show transient core and stranded copper losses respectively.
The core loss is dependent on rotor and stator material properties while

stranded loss is directly proportional to the current density. Stranded
windings were employed in the analysis inorder tosimplify the computations.

Table 3 shows the various motor losses and comelipg heat sources computed for the BLDC motor in
this study. These heat sources can be used innilegign efficient cooling system for the motor.

5. Conclusion
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The analysis showed that electromagnetic losses are dominant and contribute
over 80% of all motor losses, while bearing losses contribute about 12% of
the total motor losses. The major contribution to the bearing losses is the
sliding friction due to microslip occurring at the ball-race contacts. This
results show that it is imperative that bearing losses should be included
when quantifying motor losses to estimate motor efficiency and in the design
of efficient cooling systems for the motor.
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Table 1. Motor properties.

Parameter Value
Type BLDC PM motor
Power rating 1.2 kW
Maximum speed 13,000 rpm
Rated speed 8,000 rpm
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Rated torque 1.5 Nm
Voltage DC 72V
Housing diameter 120 mm

Table 2.Dimensions of a deep groove ball bearing (Bearing®004) (SKF, 2009).

Parameter Value
Outer diameter 42 mm
Bore diameter 20 mm
Ball diameter 6.35 mm
Raceway width 12 mm
Contact angle 0

Load distribution factor| 0.45
No. of rolling elements | 13

Table 3. Motor losses and corresponding heat ssurce

Loss Value Heat source (W/m?®)
Coreloss 50 W Stator teeth 114,800
Stator tip 800,000
Stator body 1,600,000
Rotor 114,800
Copper losses 150 W 3,000,000
Bearing friction 12w 450,000
loss

Figure 1.Forces acting on a ball and the two races of alealiing system.
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Figure 2. Moments acting on a ball and the twesax a ball bearing system.
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Figure 32D FEA mesh in Ansoft MAXWELL.
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Figure 4. Load distribution on a rolling elemengabeg, for a radial force of 200N.
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Figure 6. Bearing friction loss across the loadinge (for a radial load of 80N and rotational spekd

8000rpm).
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Figure 7. Variation of bearing frictional torquetlvspeed for constant radial load of 200N.
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Figure 8. Variation of bearing frictional power $osith speed for constant radial load of 200N.
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Figure 9.Contours of coreloss in a BLDC motor, obtained from MAXWELL simulations.
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Figure 10.Transient stator core loss.
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Figure 11 Transient stranded copper loss.
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