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Abstract:
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.

1. Introduction

There are growing concerns worldwide regarding 
global warming and environmental issues.  There is a 
need, therefore, to reduce CO2 emissions and to improve 
energy efficiency. Thus, the development and practi-
cal application of electric, fuel cell and hybrid electric 
vehicles is progressing rapidly in the automobile indus-
try. Permanent magnet (PM) brushless motors have been 
widely used in such applications because of their smaller 
size and higher efficiency1).

However, unlike induction motors, the time-varying 

magnetic field due to the permanent magnets results 
in a stator iron loss in PM motors even when they are 
operating on no-load. Thus, the no-load idling iron loss 
may significantly compromise the efficiency gain which 
is achieved by combining an electrical machine with an 
internal combustion engine. This is especially the case 
when the motor provides a torque boost only for short 
periods at low engine speeds to facilitate engine down-
sizing. Hence, it is necessary to minimize the stator iron 
loss by optimizing the motor design and employing a 
low loss lamination material (electrical steel sheets).

Permanent magnet brushless motors are being used 
in an ever-increasing range of applications due to their 
high efficiency and excellent dynamic performance. For 
motors having a conventional concentrated winding, the 
relationship between the rotor pole number p and the 
stator slot number Ns is given by:

Ns  1.5  p

Recently, a relatively new topology of PM brushless 
motor, often referred to as “modular”2,3), has emerged, 
which offers a number of significant advantages over con-
ventional PM brushless motors. The pole-number/slot-
number combinations for three-phase modular motors 
can be expressed by the following:

Ns  p1 or p2, and Ns must be divisible by 3.

The stator winding of a modular PM motor differs 
from that of conventional brushless motors in that the 
coils which belong to one phase are concentrated and 
wound on consecutive teeth so that there is no over-
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lapping of phase windings. This is not only a distinct 
manufacturing advantage4,5), but is also conducive to a 
high packing factor, and, hence, a high efficiency, and 
to reducing the likelihood of an inter-phase fault. It 
also results in a smaller number of slots per pole, e.g., 
24 slots for a 22-pole modular motor as compared to 
36 slots for a conventional 24-pole brushless motor, 
as illustrated in Fig. 1. Modular motors also yield a 
fractional number of slots per pole, with the smallest 
common multiple between the slot number and the pole 
number being relatively large. Consequently, the cog-
ging torque can be extremely small without the use of 
skew 3,6).

Therefore, from the above standpoints, modular PM 
motors are considered to have advantages as potential 
candidates for torque boosting on hybrid vehicles. How-
ever, while the rotor eddy-current loss in conventional 
PM brushless ac motors is usually considered to be 
negligible, since high-order time harmonics in the stator 
current and space harmonics in the winding distribution 
are generally small, it is highly possible that a significant 
eddy-current loss can be generated in the permanent 
magnets of a modular motor. Since the stator mageto-
motive force (mmf) distribution contains a richer set of 
space harmonics, these harmonics can induce a signifi-
cant eddy-current loss in the magnets, which may result 
in excessive heating7,8). Hence, it is important to com-
pare the rotor eddy-current loss of modular and conven-

tional topologies of PM brushless motor.  
This paper presents an analysis and a method of 

reducing the no-load idling iron loss and the eddy-
current loss in the rotor magnets of modular and conven-
tional PM brushless motors.

2. Motor Design

Both modular 22-pole/24-slot and conventional 
24-pole/36-slot surface-mounted PM motors, as illus-
trated in Fig. 1, have been designed to produce the 
same torque with the same peak current excitation at 
1 700 rpm, viz. the maximum power point, within the 
same space envelope. Table 1 shows the design speci-
fication and main parameters of both modular and con-
ventional PM motors. 

3. Analysis of No-load Iron Loss 

3.1 Iron Loss Calculation

A time-stepped finite element analysis was conducted 
to obtain local flux density waveforms in each element 
of the stator lamination. The total iron loss in each ele-
ment is the sum of the hysteresis component, the classi-
cal eddy-current component and the excess eddy-current 
component due to domain wall effects, and is given 
by9,10):

Pt  kh f Bm
αK(Bm)  (σ/12)(d2 f /δ)∫1/f (dB/dt)2dt

  ke f ∫1/f dB/dt1.5dt

where 
K(Bm)  1  (0.65/Bm)Σ∆Bi

∆Bi is the variation in flux density during the excur-
sion around a minor hysteresis loop. Bm and f are the 
peak flux density and the frequency, respectively, and σ, 
δ and d are the electrical conductivity, the mass density 
and the thickness of the laminations, respectively, kh and 
α are hysteresis loss constants, and ke is the excess eddy 
current loss constant. The loss constants kh, α and ke 
were determined by curve fitting iron loss data measured 
on Epstein size samples. 
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Fig. 1  Schematic of PM brushless motors

Table 1 Motor specifications and parameters

Topology Modular Conventional

22 24

24 36

70 70

500 500

1.6 1.6

Pole number

Slot number

Magnet resistivity (µΩ·cm) 

Peak current to produce
105 Nm torque (A)

Air-gap (mm)
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The iron loss due to rotational fluxes were calculated 
by summarising the losses due to the radial and circum-
ferential flux density components11). Table 2 shows the 
magnetic properties of the lamination materials which 
were considered.

3.2 No-load Iron Loss 

The stator iron loss was calculated under a no-load 
condition at 6 000 rpm with the 35JN300 lamination 
material. Figure 2 shows the iron loss density distribu-
tion in the modular and conventional motors. The total 
iron loss of the modular motor is lower than that of the 
conventional motor, although the iron loss density in the 
tooth tips of the modular design is larger than that of the 
conventional design. 

Figure 3 compares the results of Fourier analysis of 
the flux density waveform in the tooth tips. The flux den-

sity waveform of the modular motor contain larger 3rd 
and 5th harmonics than those of the conventional motor, 
while the 7th, 9th, and 11th harmonic components are 
the almost same for both the modular and conventional 
motors. Figure 4 shows the results of Fourier analysis 
of the flux density waveforms in the tooth body. The 
3rd harmonic component in the modular motor is much 
larger than that of the conventional motor. However, the 
total iron loss of the modular motor is lower by about 
15% than that of the conventional motor. This is because 
the modular motor has fewer poles than the conventional 
motor in order to achieve the same torque capability. 

Figure 5 shows the influence of the lamination mate-
rial on the stator iron loss. For the same motor topology, 
the iron losses are normalized to that of 0.35 mm mate-
rial (35JN300). It is evident that the iron loss can be 

(b) Conventional motor (Total iron loss  1 448 W)
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(a) Modular motor (Total iron loss  1 176 W)

Fig. 2  Iron loss distribution at 6 000 rpm on no-load
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Fig. 5  Influence of lamination material on iron loss
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Fig. 3  Normalized flux density harmonics in a tooth tip
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Fig. 4  Normalized flux density harmonics in a tooth body

Table 2 Magnetic properties of lamination materials

35JN300 35JN210 20JNEH1200

0.35 0.35 0.20

2.60 2.05 2.05

18.0 16.0 11.0

1.68 1.66 1.66

Thickness, d (mm)

Iron loss, W15/50 (W/kg)

Iron loss, W10/400 (W/kg)

Flux density, B50 (T)
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reduced by ~50% by using 0.20 mm thick laminations 
rather than 0.35 mm laminations. Moreover, the varia-
tion of the calculated iron loss is in good agreement with 
that of the material iron loss W10/400 (iron loss at 1.0 T, 
400 Hz)12). Thus, the effect of lamination material on 
the iron loss can be easily evaluated by comparing their 
W10/400 values.

4. Analysis of Eddy-current Loss 
in Rotor Magnets

4.1 Mageto-motive Force 
Harmonic Distribution 
of Stator Winding

The armature reaction mmf distribution can be 
derived analytically based on the assumption that the 
stator and rotor cores are infinitely permeable13), and 
may be represented by a Fourier series, considering the 
winding arrangement shown in Fig. 1. 

The stator winding is represented by an equivalent 
current sheet (J), which for a 3-phase motor is given 
by7):

  

   3 Σ—Jncos(nθprωt), n  (3k  m)
  n 2

  

J(θ, t)    3 Σ —Jncos(nθprωt) , n  (3k  m)
  n 2
 0,  n  3k  m

where n is the harmonic order, pr is the rotor pole-
pair number, ω is the rotor angular velocity, and 

 2NsImJn  —Kwn, πRs

where Ns, Im, and Rs are the number of series turns per 
phase, the peak phase current and the stator bore inner 
radius, respectively, and Kwn is the winding factor. The 
value (1) for m is dependent on the winding configura-
tion. For the 22-pole/24-slot modular motor m  1, 
while for the 24-pole/36-slot conventional motor m  1.

Figure 6 (a) shows the space harmonic mmf distri-
bution for the modular 22-pole/24-slot motor winding 
normalised to the ampere-turns per slot, while Fig. 6 
(b) shows the mmf distribution for the conventional 
24-pole/36-slot motor. As can be seen, the stator wind-
ing mmf distribution in the modular motor contains a 
rich set of harmonics. It is evident that the 11th, 13th, 
35th, 37th, ..., harmonics are dominant, while there exist 
low order harmonics such as the 5th, 7th, 17th, and 19th, 
etc. For the modular motor, however, only the 11th mmf 
harmonic interacts with the magnetic field of the 22-pole 
permanent magnet rotor to produce continuous torque. 
The other harmonics, especially low order harmonics 

such as the 5th, 7th, and 13th, can cause a significant 
eddy-current loss in the magnets14).

4.2 Rotor Eddy-current Loss

The eddy-current loss in the magnets was calculated 
under various conditions at 1 700 rpm by time-stepped 
FE analysis. Furthermore, the presence of stator slot 
openings causes a variation of the magnetic field in the 
magnets15), this component of rotor eddy-current loss 
being dependent on the width of the slot openings and 
the pole/slot number combination. Hence, FE analysis 
was undertaken to examine the effect of the slot open-
ings on the eddy-current loss. 

Figures 7 and 8 show the influence of the number of 
circumferential magnet segments per pole on the eddy-
current loss of the modular and conventional motors, 
respectively, when both are supplied with sinusoidal 
phase current waveforms. It will be seen that a signifi-
cant eddy-current loss is produced in both the modular 
and conventional motors when the number of magnet 
segments is one per pole. As can be seen, circumferen-
tial segmentation of the magnets is effective in reducing 
the eddy-current loss, 2 or 4 segments per pole being 
necessary to keep the eddy-current loss to a reasonably 
low level even in the conventional motor.

FE calculations with the magnets unmagnetized 
show the eddy-current loss caused by the stator mmf 
space harmonics,  while FE results under a no-load (or 
open-circuit) condition represent the eddy-current loss 
due to the slot openings only. It can be seen that the 
eddy-current loss associated with the stator mmf for the 
modular motor is larger than that for the conventional 
motor. However, it will also be noted that while the 
eddy-current loss due to the slot openings is relatively 
small for the modular motor, it is significant for the con-
ventional motor. It will also be observed that the total 
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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 influence of skin 
effect and saturation. 

Figures 9 and 10 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. It 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. Since the frequency 
of the flux variation is proportional to the number of 
slots, the effect of the slotting on the eddy-current loss 
in the conventional motor is more significant than that in 
the modular motor. Therefore, in addition to their influ-
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. 

Furthermore, since 2 or 4 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.

5. Conclusions

The no-load idling iron loss and the rotor eddy-

current loss in modular and conventional topologies of 
PM motors, which have been designed to produce the 
same torque with the same peak current, have been ana-
lyzed by FE calculations. The no-load iron loss of the 
modular motor is lower than that of the conventional 
motor because the modular motor has fewer poles in 
order to achieve the same power capability. The idling 
loss can be reduced by about half by using 0.20 mm 
thick laminations rather than 0.35 mm laminations. The 
rotor eddy-current loss in the modular motor is higher 
because the stator armature magneto-motive force has 
low order spatial harmonic components. However, the 
eddy-current loss in the magnets can be reduced sig-
nificantly by segmenting the magnets circumferentially.  
Even in the conventional motor, 2 or 4 magnet segments 
per pole are necessary to avoid excessive heating, and 
the eddy-current loss due to the stator slot openings in 
the conventional motor is more significant than that in 
the modular motor. Therefore, it is concluded that the 
modular motor is much better in that it has a lower total 
motor loss. 

This research was carried out in the Department of 
Electronic & Electrical Engineering, University of Shef-
field, U.K. when H. Toda was on leave from JFE Steel. 
The authors wish to thank Dr. Atallah and Dr. Xia in the 
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