
��

!BSTRACT�
This paper presents an analysis of the stator iron loss 

and the rotor eddy-current loss in 22-pole/24-slot modu-
lar and 24-pole/36-slot conventional permanent magnet 
brushless motors. The loss is evaluated by performing 
time-stepped finite element analysis. The no-load loss at 
6 000 rpm is mainly due to the stator iron loss, while at 
rated load the eddy-current loss which is induced in the 
magnets is a major component of the total motor loss. It 
is shown that the no-load idling loss in the modular 
motor is lower than that of the conventional motor 
because it has fewer poles. On the other hand, the rotor 
eddy-current loss in the modular motor is higher 
because the stator armature magneto-motive force has 
low order spatial harmonic components. It is also shown 
that the idling loss in the stator can be reduced by ~50% 
by using 0.20 mm thick laminations rather than 0.35 mm 
laminations, whilst the eddy-current loss can be reduced 
significantly by segmenting the magnets circumferen-
tially.

4HERE� ARE� GROWING� CONCERNS� WORLDWIDE� REGARDING�
GLOBAL� WARMING� AND� ENVIRONMENTAL� ISSUES�� � 4HERE� IS� A�
NEED��THEREFORE��TO�REDUCE�#/��EMISSIONS�AND�TO�IMPROVE�
ENERGY� EFlCIENCY�� 4HUS�� THE� DEVELOPMENT� AND� PRACTI

CAL� APPLICATION� OF� ELECTRIC�� FUEL� CELL� AND� HYBRID� ELECTRIC�
VEHICLES� IS�PROGRESSING�RAPIDLY�IN� THE�AUTOMOBILE� INDUS

TRY��0ERMANENT�MAGNET��0-	�BRUSHLESS�MOTORS�HAVE�BEEN�
WIDELY�USED�IN�SUCH�APPLICATIONS�BECAUSE�OF�THEIR�SMALLER�
SIZE�AND�HIGHER�EFlCIENCY�	�

(OWEVER�� UNLIKE� INDUCTION� MOTORS�� THE� TIME
VARYING�

MAGNETIC� lELD� DUE� TO� THE� PERMANENT� MAGNETS� RESULTS�
IN� A� STATOR� IRON� LOSS� IN� 0-� MOTORS� EVEN� WHEN� THEY� ARE�
OPERATING�ON�NO
LOAD��4HUS�� THE�NO
LOAD�IDLING�IRON�LOSS�
MAY�SIGNIlCANTLY�COMPROMISE�THE�EFlCIENCY�GAIN�WHICH�
IS�ACHIEVED�BY�COMBINING�AN�ELECTRICAL�MACHINE�WITH�AN�
INTERNAL� COMBUSTION� ENGINE��4HIS� IS� ESPECIALLY� THE� CASE�
WHEN� THE� MOTOR� PROVIDES� A� TORQUE� BOOST� ONLY� FOR� SHORT�
PERIODS�AT� LOW�ENGINE� SPEEDS� TO� FACILITATE�ENGINE�DOWN

SIZING��(ENCE��IT�IS�NECESSARY�TO�MINIMIZE�THE�STATOR�IRON�
LOSS� BY� OPTIMIZING� THE� MOTOR� DESIGN� AND� EMPLOYING� A�
LOW�LOSS�LAMINATION�MATERIAL��ELECTRICAL�STEEL�SHEETS	�

0ERMANENT� MAGNET� BRUSHLESS� MOTORS� ARE� BEING� USED�
IN� AN� EVER
INCREASING� RANGE� OF� APPLICATIONS� DUE� TO� THEIR�
HIGH�EFlCIENCY�AND�EXCELLENT�DYNAMIC�PERFORMANCE��&OR�
MOTORS�HAVING�A�CONVENTIONAL�CONCENTRATED�WINDING��THE�
RELATIONSHIP� BETWEEN� THE� ROTOR� POLE� NUMBER� p� AND� THE�
STATOR�SLOT�NUMBER�NS�IS�GIVEN�BY�

NS�������p

2ECENTLY��A� RELATIVELY�NEW�TOPOLOGY�OF�0-�BRUSHLESS�
MOTOR�� OFTEN� REFERRED� TO� AS� hMODULARv���	�� HAS� EMERGED��
WHICH�OFFERS�A�NUMBER�OF�SIGNIlCANT�ADVANTAGES�OVER�CON

VENTIONAL� 0-� BRUSHLESS� MOTORS�� 4HE� POLE
NUMBER�SLOT

NUMBER� COMBINATIONS� FOR� THREE
PHASE� MODULAR� MOTORS�
CAN�BE�EXPRESSED�BY�THE�FOLLOWING�

NS��p��OR�p���AND�NS�MUST�BE�DIVISIBLE�BY���

4HE� STATOR� WINDING� OF� A� MODULAR� 0-� MOTOR� DIFFERS�
FROM� THAT� OF� CONVENTIONAL� BRUSHLESS� MOTORS� IN� THAT� THE�
COILS� WHICH� BELONG� TO� ONE� PHASE� ARE� CONCENTRATED� AND�
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LAPPING� OF� PHASE� WINDINGS�� 4HIS� IS� NOT� ONLY� A� DISTINCT�
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4HE�IRON�LOSS�DUE�TO�ROTATIONAL�mUXES�WERE�CALCULATED�
BY�SUMMARISING�THE�LOSSES�DUE�TO�THE�RADIAL�AND�CIRCUM

FERENTIAL� mUX� DENSITY� COMPONENTS��	�� � SHOWS� THE�
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EDDY
CURRENT� LOSS� AT� RATED� LOAD� DOES� NOT� EQUAL� THE� SUM�
OF� THE� LOSSES� CALCULATED� SEPARATELY� ON�NO
LOAD� AND�WITH�
THE�MAGNETS�UNMAGNETIZED��DUE� TO� THE� INmUENCE�OF� SKIN�
EFFECT�AND�SATURATION��

� AND� � SHOW� THE� VARIATION� OF� THE� EDDY

CURRENT� LOSS� IN� THE�MAGNETS�WITH� THE�WIDTH�OF� THE�STATOR�
SLOT�OPENINGS�FOR� THE�MODULAR�AND�CONVENTIONAL�MOTORS��
RESPECTIVELY��)T�CAN�BE�SEEN�THAT�THE�EDDY
CURRENT�LOSS�ON�
BOTH� FULL
LOAD�AND�NO
LOAD�CONDITIONS� INCREASES�WITH�AN�
INCREASE� IN� THE� WIDTH� OF� THE� SLOT� OPENINGS� FOR� BOTH� THE�
MODULAR� AND� CONVENTIONAL� MOTORS�� 3INCE� THE� FREQUENCY�
OF� THE� mUX� VARIATION� IS� PROPORTIONAL� TO� THE� NUMBER� OF�
SLOTS�� THE�EFFECT�OF� THE� SLOTTING�ON� THE�EDDY
CURRENT� LOSS�
IN�THE�CONVENTIONAL�MOTOR�IS�MORE�SIGNIlCANT�THAN�THAT�IN�
THE�MODULAR�MOTOR��4HEREFORE��IN�ADDITION�TO�THEIR�INmU

ENCE�ON�THE�COGGING�TORQUE�AND�SYNCHRONOUS�INDUCTANCE��
THE� EFFECT�OF� THE� SLOT�OPENINGS�ON� THE� EDDY
CURRENT� LOSS�
IN� THE� PERMANENT� MAGNETS� MAY� HAVE� TO� BE� CONSIDERED�
DURING� THE� DESIGN� STAGE�� ESPECIALLY� FOR� A� CONVENTIONAL�
TOPOLOGY�OF�MOTOR��

&URTHERMORE��SINCE���OR���MAGNET�SEGMENTS�PER�POLE�
ARE�NECESSARY�TO�AVOID�EXCESSIVE�HEATING�OF�THE�MAGNETS�
FOR� BOTH� MODULAR� AND� CONVENTIONAL� MOTORS�� IT� MAY� BE�
CONCLUDED�THAT�THE�MODULAR�MOTOR�DESIGN�IS�MUCH�BETTER�
FROM�THE�STANDPOINT�OF�MOTOR�PERFORMANCE�
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