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ABSTRACT -Recent advancements of permanent magnet (PM) materials and solid-state devices have contributed to a
substantial performance improvement of permanent magnet machines. Owing to the rare-earth PMs, these motors have
higher efficiency, power factor, output power per mass and volume, and better dynamic performance than induction
motors without sacrificing reliability. Not surprisingly, they are continuously receiving serious considerations for a variety

of automotive and propulsion applications. An electric vehicle (EV) requires a high-efficient propulsion system having a
wide operating range and a capability of generating a high peak torque for short durations. The improvement of torque-
speed performance for these systems is consequently very important, and researches in various aspects are therefore being
actively pursued. A great emphasis has been placed on the efficiency and optimal utilization of PM machines. This
requires attention to many aspects related to the machine design and overall performance. In this respect, the prediction
of iron losses is particularly indispensable and challenging, especially for drives with a deep field-weakening range. The
objective of this paper is to present iron loss estimations of a PM motor over a wide speed range. As aforementioned, in
EV applications core losses can be significant during high-speed operation and it is imperative to evaluate these losses
accurately and take them into consideration during the motor design stage. In this investigation, the losses are predicted
by using an analytical model and a 2D time-stepped finite element method (FEM). The results from different analytical
approaches are compared with the FEM computations. The validity of each model is then evaluated by these comparisons.

KEY WORDS : Efficiency, Electric drive, EV, Modeling, Permanent magnet motor, Power density

NOMENCLATURE b, = armature flux
Dy = resultant flux
Bim = maximum teeth flux density o] = skew angle
Bym = maximum yoke flux density K, = hysteresis loss constant
B = maximum air gap flux density k. = eddy current loss constant
B.m = amplitude of the armature flux density Kexe = excess loss constant
-d = parameters in d-axis Ken = correction factor for minor hysteresis loops
-q = parameters in g-axis n = Steinmetz constant
V, = teeth volume in r = air gap radius
V, = yoke volume in rh T, = slot pitch
p = machine pole number T, = pole pitch
Y = current angle w = frequency in radians per second
b = width of the teeth =, w, = synchronous frequency/speed
hes = stator back height or yoke height w, = base frequency
B = magnet span in electrical radianses 2 q = number of slot per pole per phase
D, = magnet flux
@, = resultant air gap flux 1. INTRODUCTION
(O = field weakening flux
Since the introduction of Neodymium-iron-boron (Nd-
Fe-B) magnet materials in late 1983, as it was outlined by
*Corresponding authore-mail:robert.chin@ekc.kth.se Sagaweet al (1984), vast amount of attention has been
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given to the application of these materials in permanentoss. In order to reach the desired performance

magnet (PM) motors. Gieras (1997) also mentioned thathroughout the whole speed range, these losses should be

these PM motors tend to replace induction motors incarefully studied as a part of the design considerations.

various applications as they present higher efficiency,

power factor and specific output power. For a given frame2. LITERATURE REVIEW ON PREVIOUS

size, a conventional radial surface mounted PM motor, aSTUDIES

depicted in Figure 1(a), can produce a subsequently

larger steady-state torque than obtainable from arron losses in electrical machines are usually predicted by

induction motor. It has also been shown by Sebastian &ssuming that the magnetic flux in the magnetic core has

Slemon (1987) that these PM motors can be operatednly one alternating component that is sinusoidal.

over a considerably extended speed range at neaAccording to the conventional Steinmetz model, when a

constant power through control of the angle between theiece of core material is subjected to a sinusoidal flux

stator and rotor field. Not surprisingly, a great emphasisdensity of varying amplitude and frequency, the core loss

has been placed on the efficiency and the optimadensity (in W/kg or W/r) is given as:

utilisation of PM motors for a variety of automotive

applications. The iron losses can account for a significan®.,,. = Py+Pegay = kth +k.f B [Wim? (1)

portion of the total loss in a PM motor, particularly when

it operates above the rated speed in the field-weakeninBerottiet al. (1991) pointed out that iron losses evaluated

region. The output power capability of PM motors at by this approach may be 20% lower than the measured

higher speed is strongly limited by the increase of ironvalues and discrepancy is even larger in PM machines.
This is mainly due to the non-sinusoidal flux density
waveform in critical regions of PM motors. The fact that

d d the flux density variation is not sinusoidal greatly
influences the eddy current losses, as the induced
q q circulating current is a function afB/dt An alternative
approach by Jamil & Demerdash (1990) considers the
)ﬂL( ) harmonics of the magnetic flux density and the sum of
a —

losses from each component gives the total core losses.
This method requires high effort and is time consuming
(with FEM) as the precise calculation of electromagnetic
fields is needed. Nevertheless, a good estimation can be
achieved with this approach.
An analytical model, developed by Slemon & Liu
(1990), uses a simple approach to estimate the no-load
iron losses in PM synchronous motors. It was assumed in
their study that: i) the tooth and yoke flux waveforms are
trapezoidal with regard to time; ii) eddy current loss is
proportional to the square of time rate of the magnitude
of flux density. The overall application of these approxi-
E/\ mations produced an acceptable prediction of the total
measured iron losses in an experimental machine. The
model derived by them is as follows:

(a) Non-salient (b) Salient

Q) Pcore:Ph+Peddy khw E[VlBt + V By]
Il ~2
4 2r V B
Aolfve B w e
. A £ Deng (1999) evaluated the no load iron losses in a SMPM
Fixed flux excitation @, d-axis motor in a similar procedure proposed by Slemon & Liu
(c) PM motor phasor diagram (1990). In addition, the approach also accounts for excess

or anomalous losses, the eddy current loss is expressed in
Figure 1. Rotor configurations of PM motors: (a) Surfaceterm of RMSvalue ofdB/dt A general expression that
Mounted PM (SMPM); (b) Surface Inset PM (IPM); (c) includes the harmonic effect on the core losses is then
Phasor diagram showing field-weakening operation. written as follows:
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The expression is evaluated further by derivdigydt
analytically as:
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However, the geometric effects are also neglected an
only the magnitude of the magnetic flux density is used tc
perform the calculation. Mi, Slemon & Bonert (2001)
have most recently presented a simplified model to
calculate the no load core losses. In their Study' correctio ook k]
factors are introduced to reflect the geometrical
influences and effect of the circumferential component of o
the tooth flux density. The expressions proposed are a . ; : ; ; ; : :

1
0 10 20 30 40 50 60 70 0 a0
follow: iy
Angular positions (degrees)

(b)

B (T)

03F

Hysteresis Losses

) ) Figure 2. (a) Minor hysteresis loops, (b) Flux density
Pr=k,wB;+k,wBy [W/mT  (5)  variations in the air gap.

Eddy Current Losses

12 18 . expressions are derived based on the no-load condition,

Pe:¥q|<chke(00 EBt)2+a¥kek,oosz [W/m®  (6) i.e. no stator armature flux linkage. Model |l is developed
by accounting the effect of the load current on the air gap

In addition to the all above, Lavessal.(1978) introduce  flux density waveform.

an empirical correction factok,, to account for the

effect of minor hysteresis loops on the hysteresis loss3. MODEL |: SIMPLE CORE LOSSES MODEL

Minor hysteresis loops are due to the small fluxBASED ON THE NO-LOAD IRON LOSSES

variations that are caused by the slotting of the stator

geometry, as illustrated in Figure R,is defined as A widely used equivalent circuit of a PM motor based on
a synchronous d-q reference frame is presented in Figure

Ko=14S %AB- ) 3. The effect of the iron losses is modeled by placing a

o Bn& parallel core resistance in both d- and g- equivalent

model. The steady state equations can be written as

whereB,, is the peak value of the flux densifyB, is the

flux variation around the minor loop and c is a constantttar. H R, —w,L, E 'dD+D 0 ®)

from 0.6 to 0.7. Model | in our study is based on 4,7 F¢, 0, R 0O H Mo,

expressions (4)~(6), the no-load core loss equivalent

resistance is then calculated for the d- and g- equivalenileglecting the stator resistance, the no load iron ld3ses

circuit. As it can be noticed, all above-mentioned are given by
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Figure 3. Equivalent circuit for PM motors including iron
losses: (a) d-axis; (b) g-axis.
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The value of the resistance can be modelled as a functic
of the operating frequency and the no-load core
resistancdR,,. The core resistande is divided into three
parallel resistances for hysteresis losses, eddy currel
losses and excess losses respectively. The hysteres
losses resistande,, is proportional to the frequency and
the eddy current resistan&, does not depend on the
frequency. With the same argument, the excess losse
resistanceR.,. are also derived. Their expressions are

L@ + Laia)*+ (Lg Oo)] ©)

()
Rch:RchO %E (10)
b
Rce:RceO (11)
_ wrf*
Rcexc_Rcexrﬂ %D (12)
b

whereR,, R, R, are calculated at no-load condition at
the rated operating frequency. They are calculated as

2
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In this study, the analytical approaches proposeiiby
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Figure 4. FEM approximation of the flux density rise
time in: (a) Teeth; (b) Yoke, respectively.

ET AL.andDengare used to calculate the no-load losses
at rated condition. It has been found that the calculated
loss is almost twice of that calculated by FEM if the rise
time of the tooth flux density is assumed to be a tooth
width. However, it has been shown that the estimation is
close (with 5%) to the FEM calculation when the rise
time of the tooth flux density, as shown in Figure 4(a), is
assumed to be approximately one slot pitch. This is also
further agreed byMi's investigation. Equation (4) can
then be modified by replacing, with 7. The corrected
equation is as follow:

252 O
a:khf EB?m + é%],_ O
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P= 34 oV,
t |:4_1 Kexe :| fLogLs g
g ln(+o)) = ™"
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4. MODEL Il: ANALYTICAL APPROACH
BASED ON TEETH AND YOKE FLUX
DENSITY WAVEFORMS

91

(stator back) is in the tangential direction. This might not
be completely true in the yoke region from the teeth
projection, where there might be some influential radial
flux. As depicted in Figure 6, it can be noted that the flux
in the radial direction is decaying rapidly towards the

peripheral of the yoke. The gradient of the decreasing
radial flux density can be approximated as:

B.(6)

7 (18)

Bteelh_projection_r(e) =

In this section, an analytical model that accounts theThese radial components of the flux might only contri-
stator armature reaction is described. Figure 5 illustratebute a very minor portion of the total flux and become
the air gap flux density waveform and its two componentsnegligible in the rest of the yoke region. Nevertheless, it

the magnet flux densitg,, and the armature current flux
densityB,.,. The magnet flux density waveform can be
approximated by a trapezoidal waveform or a sinusoida
wave at the fundamental frequency. The flux density
waveforms in the teeth and yoke can be derived
respectively from the resultant flux density in the air gap.
For the teeth flux density, it is assumed that all the air gaj
fluxes over one slot pitchr, passes through the
corresponding the stator tooth without any leakage. It is
also suggested that the radial component of the teeth flu
is the prominent one, tangential components are ven
small and can be neglected. The flux density in the teetl
can be obtained as:

B.(8) =L, " [B.(8) + Burn o0+ y)] [T (10
ts (17)

In contrary, the main component of the flux in the yoke

B (T)

80

Angle (degrees)

100 120 140 160 180

Figure 5. Air gap flux density waveform: i) Magnet flux
density wavefornB,, (FEM); ii) Armature current flux
density waveformB,,,; iii) Fundamental ofB,; iv)
Trapezoidal approximation.
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Figure 6. The radial component of the teeth flux: (a) a
section of the stator geometry with the teeth projection
area in the yoke; (b) flux densities at various points, A, B,
C,DandE.
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might be essential to consider it when the flux is highly Model verification with FEM simulations
distorted in deep flux weakening region. For the T —_—
tangential flux density in the yoke, it is assumed that the
total air gap flux over one pole pitehsplits into two and
complete the path through to the adjacent pole respec
tively. The flux density waveforms in the yoke can then
be derived as

6+rp

By(e):%gﬂj [B.(8) + Bum [LOS(® + V)] [F (6O
(19)

Iron losses (W)
-
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T
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=

As aforementioned, two approximations are used tc
describeB,(6): sinusoidal and trapezoidal waveforms. oo S S
Figure 7(a) and Figure 7(b) shows the obtained ana = —F %5+ &+ &+ & &
lytical teeth and yoke waveforms from the two Speed (p.u.)

approaches respectively. The losses in the teeth and yol

Figure 8. Model verification with the FEM simulations:
[- ©- FEM; -<& - Model ll-trapezoidal; £1- Model II-
sinusoidal; % - Model I-Deng; -® - Model I-Mi].

can then be determined by using Equation (3) or more
comprehensively as transient magnetic studies over one
complete period:

€
3 0
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3/2
+ t
N S R R S R S O O
15 15 30 15 60 75 90 105 120 135 150
Angular position (degrees) 0 ) 0
(a) Teeth 0 0
1 Teeth @%B { IkeDdt O Edt}g
Pre_y= E ED\/y (21)
1 T |:|3/2
O +| = rdB, g
|:| |:-|—‘!' kechdt (t)D EUt |:|
a a

5. COMPARISONS OF MODEL | AND
MODEL Il WITH FEM AND DISCUSSION

Byz\ke (T)

In this section, the analytical approaches, Model | and
Model I, presented in this paper are applied to a design
: : example of a four-pole PM synchronous motor for

‘ : traction applications. The stator outside diameter is 188

4 i i i i i i i i mm and the machine active length is 165 mm. The
0 20 40 60 80 100 120 140 160 180 . .

One electrical period (degrees) continuous output power of the motor is about 3.2 kW.

(b) Yoke A time-stepping FEM is also applied to the same

design for the verification of the proposed analytical
Figure 7. Analytical estimated flux density waveforms models. The computed losses at various speeds up to

compared with the FEM simulations: (a) Teeth; (b) Yoke.twice the rated speed from both models are compared
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7 A S e S R with the FEM results, as shown in Figure 8. In addition,

' e : S e Figure 9 shows a comparison of the different analytical
model to the FEM results for each loss component.

From the results, Model Il with trapezoidal approxi-

mation shows a most satisfactory agreement with the
FEM simulations among all the proposed models. The
difference is expected as the teeth and yoke analytical
flux density waveforms are not perfectly matching with
the results from FEM computations. Nevertheless, unlike
the other proposed approaches in this study, the trend of
the eddy current and excess losses increases as the speed
increases provides a promising sign for further emen-
dations. All the other models studied are proved to be
rather inadequate for estimating the losses in the flux-

Physt (W)

20

1 i L i
1 1.1 1.2 13 1.4 15 16 1.7 18 19 2

Speed (p.u.)

&0 F : : T

(a) Hysteresis losses weakening region. This is due to the fact that sinusoidal

70 : : : : , : : : : approximation is no longer valid to predict the
: : I @ f ; phenomenon inside the motor, as the distortion of the

f - = e e TSk flux density waveform is getting more and more

pronounced when the speed increases. As a result, the
significant harmonics losses from these distortions
: U , : S contribute to the increasing of the eddy current and
e e excess losses. This consequently elucidates that an
R 0 L RO SIS DU DU SR S accurate flux density variation is essential for estimations

oo : P Lo of the iron losses, especially in the field-weakening
region.

sof- L R REITTRIY ; BTN FRRRPRERE: -

Peddy (W)

St N U LI IS N 6. CONCLUSION

: o : , S Two different analytical approaches for estimating the
v ar 13 is 14 15 i 17 15 is iron loss of a PM motor are presented and investigated.
© Edi‘;ezig’;t)losses The results from these methods are compared with the

FEM computations. From the results, it is concluded that
only Model Il with trapezoidal approximation shows a
satisfactory trend of the losses at various speeds. To
further evaluate the proposed models, results for a wide
operating speed range will be compared with the test data
of a prototype motor in the continuing phase of the study.
It is also concluded that analytical approaches based on
P o ; the pure sinusoidal waveform are not adequate for losses
T S Sito whetrb bt St estimations in the field weakening operation due to the

: S C significant amount of harmonic iron losses.

as T T T T T T T T T

Pexc (W)
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