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Modeling of Iron Losses of Permanent-Magnet
Synchronous Motors
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Abstract—Permanent-magnet (PM) motors offer potential en- tions. This simple analytical iron-loss model has been used by
ergy savings as compared with induction motors because of the vir- g few authors to determine the iron losses of PM synchronous
tual elimination of rotor loss and the reduction of stator loss from 1,41 [4]-[8]. While the overall application of these approxi-

operation near unity power factor. In PM machines, iron losses . -
form a significant fraction of the total loss partly due to the non- mations produced an acceptable prediction of the total measured

sinusoidal flux density distribution. Design optimization therefore  10SS€s in an experimental machine, the validity of each approx-
requires good means of predicting these iron losses. Finite-elementimation remained in doubt. In this paper, these approximations
analysis can be employed but this approach is cumbersome and gre examined in turn and their results are compared with those
cost_ly whe.n used in the many iterations needed in optimizing the obtained by finite-element analysis.

design. This paper presents a set of improved approximate models
for the prediction of iron loss. They can be used in design optimiza-
tion programs and, since they are directly related to machine di- Il. IRON LOSSDENSITY
mensions and material properties, they also provide quick insight . . . . .
into the effects of design changes. A time-stepped finite-element M€asurements of iron losses in magnetic material are tradi-
method is employed to evaluate the iron losses in a range of typ- tionally made with sinusoidal flux density of varying frequency
ical PM machines and the results are used to evaluate the adequacyand magnitude. The total iron-loss density,,, is commonly

of the models. The predictions of overall iron losses are then com- expressed in the following form for sinusoidally varying mag-

pared with measurements made on two PM motors. netic flux densityB with angular frequency,:

Index Terms—Core losses, eddy currents, hysteresis, iron losses,
permanent magnets (PMs), permanent-magnet (PM) machines, Diron = Ph + Po = knBPw, + k6B2w§ wW/m?3 (1)
synchronous motors.

wherep;, andp,. are the hysteresis and the eddy-current loss
|. INTRODUCTION density, respectivelyk;, andk. are hysteresis and eddy cur-

ERMANENT-MAGNET (PM) motors are challenging rent constants, ang is the Steinmetz constant, all of which
depend on the lamination material. These constants can be ob-

the monopoly of induction machines in many applications L X .

. . tained by curve fitting from manufacturer’s data. Typical values
such as pumps, fans, and compressor drives where the higher o . L . )
o . . . or grades of silicon iron laminations used in small and medium
initial cost can be rapidly paid back by energy savings [1]. IIII]IdUCtiOH motors, with the stator frequency given in radians
PM motors, iron losses form a larger proportion of the total ’ q Y9

H gé§ — == — _
losses than is usual in induction machines. This is partly due}g(e)r_seﬂcgz_dd g;e in the ran = 40-55, f = 1.8-2.2, and
S L . : . = 0. .07.
the elimination of significant rotor slip loss and is partly due to An expression for the classical eddy-current loss can also be

the reduct|_o n of stat(_)r loss from operation at near-un_lty powg rveIoped based on the resistivity of the core material [14]. The
factor. Optimum design of PM motors therefore requires goa

means for predicting these iron losses [2]. It is accepted tqrg;ts;lt(;fsa(;nerally found less than that obtained from the second

finite-element analysis can produce a good estimate of iron . Lo . . . :
Y P g The iron-loss expressionin (1) is only valid for sinusoidal flux

losses but this approach is cumbersome and costly when used . N Y
pp y aensny. In most PM motors, the variation in flux density in the

in the many iterations needed in the optimizing design. Thi . ; . o :
. . ator core is far from sinusoidal. In this situation, while the hys-
paper presents a set of improved approximate models for the . o )
o . eresis loss is still easy to evaluate as it depends only on the peak
prediction of iron losses of surfaced-mounted PM motors.

An earlier paper [3] developed expressions for iron Iosses\(/:i”r‘Iue of the flux density assuming that there are no minor hys-

. teresis loops, the eddy-current losses evaluated using only the
surface-mounted PM motors based on a number of approxima- )
undamental component of flux density may be much lower than

the measured values [9]. An alternative approach which includes
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where T' is the period. For ap-pole machine rotating at
wmech Fad/s, the time period for one cycle is

1 4
T f PWmech (S) . (3)

Use of (2) assumes that the eddy-current losses are inducec
by the field variation, whether it is pulsating or rotating [15].
The eddy-current loss is related not only to the magnitude of
the flux density, but also to the way in which each of the two
orthogonal components of the flux density changes [14], [16].

In this paper, (2) is employed to calculate eddy-current
losses. The rotational flux will be decomposed to two or-
thogonal components: radial (normal) and circumferential
(longitudinal) components to evaluate the iron losses.

Il. TIME-STEPPEDFINITE-ELEMENT ANALYSIS

Although it requires high effort for general use in most
designs and is not practical during the preliminary PM motor
design iteration stages, time-stepped finite-element method
(FEM) remains the most powerful and precise tool to calculate

electromagnetic field distributions and field-related parameters
9 P Fig. 1. Major rotor configurations of PM machines. (a) Rotor with surface-

[8]_[1_2]- Time-steppe_zd FEM is also_ used as an effective toF?lﬂunted magnets. (b) Rotor with surface-mounted magnets and sleeve ring.
to verify loss calculation based on simpler loss models [4], [5) Rotor with inset magnets. (d) Rotor with circumferential magnets.

[17], [18], as it is economically and technically impractical to

Vezfﬁrig_lgtse S p;%dggsﬂnjvxtgrsxﬁ) erelzr(;]?gzzsélculate iron loss nvv_hereN is the total number of steps in the half time perib@,
PP pioy is the stator core lengthy,,, is the area of element, and

merically n this paper._The results of ‘.hes‘? analyse_s are th}éﬁis the total number of elements in the teeth and the yoke of
used to validate and refine the assumptions involved in approxi-

mate loss models. The PM motor contains a standstill stator ani
a moving rotor. In establishing the meshes for the analysis, the

imilarly, the total hysteresis loss can be expressed as

rotor is moved and positioned at each time step such that it does M
not disturb the integrity of the mesh structure as it moves. The Py, = 2m fkplge Z [AmB,’fL max] W (5)
initial meshes of the stator and the rotor are generated such that me1 ’

half of the air gap belongs to the stator and the other half to the _ _ _
rotor. A stator mesh and a rotor mesh share the same bound®fgre B, max is the maximum flux density of element.
at the middle of the air gap. The inner stator circumference at

the air gap and the outer rotor circumference are divided intQyy ReviEw OF PREVIOUS ANALYTICAL |RON-LOSSMODEL
equal steps so that their nodes coincide. To provide for move-

ment of the rotor, the time step is chosen so that the angle of" the preliminary study on iron losses of surface-mounted
length of each step is equal to the interval between two nei M motors [3], a number of tentative conclusions were derived

boring nodes along the mid air gap. Because of periodicity BRS€d on a series of assumptions. .
the magnetic field, only one pair of poles needs to be modeled.T "€ @ssumptions and conclusions of [3] can be summarized

Similarly, because of the half-wave symmetry of flux densitfS follows.

only half of the time period” needs to be calculated. 1) The eddy-current loss was assumed to be dependent on
The radial(z) and circumferentia(y) components of flux the square of time rate of change of the flux density vector
density at time step, in the volume element are evaluated as in the stator core.
Bz and B, .. The total eddy-current loss can be obtained 2) The tooth eddy-current loss was assumed to be concen-
from (2) as trated in those teeth which are near the edges of the sur-
o /2 ) face-mour_1ted magnets and, thus, was independent of the
p, =P Z AmlfFZ—kQQ / <d_B> it angular width of magnets. _
2= T o dt 3) The flux density in a tooth was assumed to be approxi-
=2pNk,lso f? mately uniform.
[ N 4) As the magnet rotates, the flux density in a stator tooth
% Z A, Z<Bm = Bian1)? qt the leading edge of the. magnet was assumed to rise
— = ’ ' linearly from zero to a maximum and then remain essen-

tially constant while the magnet passes. At the lagging
+ Z(Bmy - Bmy,n1)2‘| } W (4) edge, the tooth flux drops from maximum to zero in the
same pattern.
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Fig. 2. Configuration and flux distribution of a linear PM synchronous motor in a pair of poles. The linear machine has two slots per pole phaséaaed is sur
mounted with rectangular-edged parallel-magnetized magnets. Assuming it has a large number of poles. Main dimensions of the machine araiagdpllows:
lengthé = 1 mm; pole pitchr = 100.8 mm; both tooth and slot widthv, = w, = 8.4 mm; magnet thickneds, = 3.5 mm; slot pitchA = 16.8 mm.

5) The rise or fall time of the tooth flux density was assume: 1€ |
to be the time interval for the magnet edge to traverse or 4
tooth width.

6) For a given torque and speed rating, the tooth eddy cL
rent loss was stated as approximately proportional to tt& 1 -
number of poles divided by the width of a tooth. Alter-2
natively, the tooth eddy current loss was approximatel-3
proportional to the product of poles squared and slots pé 0.6
pole-phase.

7) For a given frequency, the tooth eddy-current loss we
stated to be proportional to the number of slots per pol 02 |,

1.2

08 r

04 -

phase. 0 ‘ ‘ ‘

8) The eddy-current loss in the stator yoke was approx 0.00 0.08 0.17 0.25 033 0.42 0.50
mated using only the circumferential component of yoki Distance/pole-pitch
flux density.

ig. 3. Calculated tooth flux waveforms of the linear PM motor of Fig. 2 with
While the overall application of these approximations pr‘g riable magnet width. From left to right, & = 0.990; Il: o« = 0.833; IlI:

duced an acceptable prediction of the total measured losses inano.667; IV: « = 0.532; V: @ = 0.333; VI a = 0.167.
experimental machine, the validity of each individual approxi-

mation remained in doubt. The uncertainties in these models @réan also produce more maximum torque due to its unequal

as follows: d-axis andg-axis reluctance [22].
1) the validity and accuracy of the derived flux waveform, Although the simplified iron-loss model has been developed
both in the teeth and in the yoke; in the paper based on surfaced-mounted PM motors, it can also
2) the error caused by only using the magnitude of the flle adapted to predicting iron losses in interior-type and circum-
density; ferential-type PM motors.
3) the error caused by neglecting geometry effects on flux
waveforms and eddy-current loss of the motors. A. Tooth Flux Waveforms

In this paper, these assumptions are examined in turn and theilig. 2 shows a typical flux density distribution in a surface-
results are compared with those obtained by time-stepped FENpunted PM motor with teeth of uniform width and with no
stator current. In developing the loss models of the earlier paper
[3], it was assumed that the flux density in each tooth was uni-
form and radially directed. It was time invariant for those teeth

Among the major types of rotor structures, rotors with suwhich were fully over the magnet, and that it varied linearly as
face-mounted magnets as shown in Fig. 1(a) are commonly usieel magnet edge passed under each end tooth. To test the as-
in PM synchronous motors for their simplicity. The drawback asumption that eddy loss occurs only in the end teeth, an FEM
the configuration is that the magnets may easily fly away fromas performed on one pair of poles of the linearly arranged ma-
the surface at high speeds if they are originally glued on the rotdhine as shown in Fig. 2.
surface. The author has experienced several times the magnefhe analysis was performed such that as the width of the
flying off the rotor surfaces during the operation of PM motorsnagnet was changed, the number and shape of slots and teeth
One effective way to avoid the mechanical weakness of swvere kept constant. The normal component of flux density ob-
face-mounted PM synchronous motors is to bond the magnttimed at the center of a tooth is shown in Fig. 3. It can be seen
with a cylindrical sleeve made of high-strength alloy as showthat the rise of the flux follows almost a linear pattern except
in Fig. 1(b) [19]-[21]. Rotors with interior magnets as showat the beginning and end of the change. The time for the ap-
in Fig. 1(c) and (d) can provide a more secure magnet settipgoximated linear flux density to change from zero to plateau

V. SIMPLIFIED TOOTH EDDY-CURRENT-LOSSMODEL
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. . Fig. 5. Tooth flux density waveforms by changing the slot closureFrom
Fig. 4. Tooth eddy-current loss versus magnet coverage predicted by FEI\/{Op to bottom. slot closures are 1.6. 3.2. 5.0. 6.6. and 8.4 mm.

was found to be equivalent to that required for the magnet edefele phase, there areq slots per pole. The time¢ required
to traverse one slot pitch. This is in contrast to the assumptitii the magnet to traverse one slot pitch is
made in [3] that the linear change would occur as the magnet T 1
edge travels one tooth width. At = — (6)

It can _also be seen from Fig. 3 that chan_gmg mag’?et W'dthUnder linear trapezoidal assumptions of the waveforms, the
over a wide range does not change the achieved maximum fl%e rate of tooth flux change is
density in the teeth, nor does it change the slope of the tooth
flux waveforms. However, when the space between the two ad- dB _ B 7
jacent magnets is less than one slot pitch, the slope of tooth flux dt At
density begins to increase. Especially when magnet coverag&he change of tooth flux density occurs four times per time
approaches 1.0, the slope of the tooth flux density is dramggieriod7". The average eddy-current loss density in the teeth can
cally increased. At the other extreme, when the magnet widthrigw be expressed as
less than one slot pitch, the tooth flux density does not reach a

_gmq'

2
plateau although the slope of the flux density waveform is still Per =2ke Bun 4at) _ 16k.mq (B f)*
the same. At T
The calculated tooth eddy losses are shown in Fig. 4. It can be :quke (wsBep,)? WIm®. (8)
s

seen that the loss remains substantially constant as the magnet
width is varied over a wide range. When the magnet width is lesslt can be seen that the eddy-current loss is proportional to the
than about one slot pitch, no tooth has constant flux density. @amber of slots per pole phage
the other extreme, when the space between two magnets is less
than about one slot pitch, the eddy-current loss is considerafly Effect of Motor Geometry
increased due to the increase of the circumferential flux in theThe effect of motor geometry was then studied [23]. For
teeth between magnets. each geometrical change of the linear machine, the tooth eddy
Next, the effect of slot closure was studied. An FEM analoss was calculated by FEM and compared to that predicted
ysis was performed on the linear PM machine to determine thy approximation model (8). The ratio of these two predicted
average flux density at the center of a tooth over a time perigbses was introduced as a correction factor to the approxima-
T /4. The calculated tooth flux waveforms are shown in Fig. Bon model. It was found that the correction factor is a function
as a function of slot closure. of slot pitch, magnet thickness and air-gap length as shown in
It can be seen in Fig. 5 that the flux density varies approxrig. 6.
mately linearly. As expected, the plateau of tooth flux density in- o
creases as the slot opening is reduced. The time interval neelledddy Loss Induced by the Longitudinal Component
for the approximately linear flux change from zero to maximum So far, only the normal component of tooth flux density has
is seen to be essentially constant and independent of the amde®n considered. FEM shows that although the magnitude of the
of slot closure. longitudinal component of tooth flux density is negligible at the
center of a tooth, it is comparable to the normal component at
the shoes and surfaces of the tooth. In order to quantify this loss
B. Eddy Loss Induced by the Normal Component component, the eddy loss induced by the longitudinal compo-
nentis calculated by FEM and compared to that predicted by the
A revised approximate model for tooth eddy-current loss capproximation model for different geometries. A second correc-
now be developed. For an-phase PM motor witly slots per tion factor was then introduced to reflect the contribution of the
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Fig. 6. Correction factok, as a function of motor geometry. From top toFig. 8. Longitudinal component of flux at different layers of the stator yoke
bottom:?,,, /6 = 1.5, 3.0, 4.5 and6.0. computed by FEM. From top to bottom: 1/3 yoke thickness from the tooth; at

the middle of yoke; and 1/3 yoke thickness from the stator surface.
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Fig. 7. Correction factok,. with regard to slot closure, air gap, and tooth
width, wherey is the ratio of slot closure to slot pitch:= (w; —w,)/X, w; is
slot width, andw, is slot openingsy = 0 for open slot and = 0.5 for closed
slot. From top to bottomA/é = 32.6; A/6 = 16.8; A/6 = 11.2; \/6 = 8.4;
and\/6 = 6.7.

Fig. 9. Normal component of flux at different layers of the stator yoke
computed by FEM. From top to bottom (abaveaxis): |—center of a tooth;
Il—1 mm from the tooth; Ill—1/3 yoke thickness from the tooth; IV—middle
of yoke; and V—1/3 yoke thickness from the stator surface.

. L sector not above the magnet. The approximate model of the pre-
eddy loss induced by the longitudinal component as shown\jp, ;s naner [3] was based on these assumptions. The radial com-

Fig. 7. ponent of yoke flux density was ignored.
» Fig. 8 shows the longitudinal component of the yoke flux den-
E. Modified Tooth Eddy-Current-Loss Model sity at different layers of the yoke computed by FEM. It can be
The modified tooth eddy-current-loss model can now be exeen that the longitudinal component is approximately trape-
pressed as zoidal. The flux is approximately evenly distributed over the
thickness of the yoke and the rise time of flux from negative
Det = %qkq kicke(ws By )? Wim? (9) plateau to positive plateau is approximately the time needed for

one point in the yoke to traverse the magnet width.
wherek, andk, are correction factors which can be found from Fig- 9 shows the normal component of yoke flux density com-
Figs. 6 and 7, respectively. puted by FEM at different layers of the yoke. It can be seen that
the normal component has a similar waveform to that of tooth
flux density waveform. The plateau of the flux at each layer of
the yoke is different. The plateau is at its maximum near the
A. Yoke Flux Waveforms tooth and drops dramatically penetrating further into the yoke

The flux pattern of Fig. 2 suggests that the circumferentiand approaches zero near the surface of the yoke.
component of the flux density in the yoke is roughly constant .
over the thickness of the yoke. It increases approximately liR: Eddy Loss Induced by the Longitudinal Component
early from the middle point of the magnet to the edge of the Based on the above observation, a simplified yoke eddy-cur-
magnet and that it remains approximately constant in the yolent-loss model can be developed.

VI. Y OKE EDDY-CURRENT-LOSSMODEL
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The magnet coverage can be expressed as a function of VII. COMPARISON OFIRON LOSSESPREDICTED BY
magnet width as follows: APPROXIMATE MODEL AND FEM

Won A. Tooth and Yoke Hysteresis Loss
a= 5 (20)
4

Tooth hysteresis loss and yoke hysteresis loss can be ex-
pressed simply as a function of the maximum flux density in
wherew,, is the width of the magnet which can be expresseghch area. In the teeth, the hysteresis loss density is
alternatively as the fraction of the stator periphery covered by 3 5
magnets. Pht = knws By, Wim®, a7

The time interval required for one magnet of width, to

S . In th ke, the h resis | nsity i
pass a point in the stator yoke is the yoke, the hysteresis loss density is

B 3
pw,, QT Phy = krws B, Wim”. (18)

At = = . (11)
2rwy W
B. Total Iron Losses

During this time interval, the longitudinal flux component . . .
’ Total iron losses are obtained by summing the eddy-current
changes from-B. to B.. Thus, the change rate of flux den- y 9 y

sity over the fraction of time\t is losses and hysteresis losses in the teeth and yoke

= € 3 V ey LY V; W 19
dB. 2B, 2w.B. w2 P = (pet + Pre)Vi + (Pey + Pry)Vy (19)

d At am whereV, andV,, are the volume of stator teeth and stator yoke.

During the remainder of the time the longitudinal flux densitg.. Comparison of Predicted Iron Losses
is assumed constant. Using (2), the eddy-current-loss density i

the yoke caused by the longitudinal flux density component isr:i-he approxmatlﬁn .mod;al was applied to a number of EM
then given by motors to predict the iron losses [23]. Good agreements have

been maintained between the iron losses predicted by the ap-
18 - s proximation model and those calculated by FEM. A three-phase
Peye = ——ghew  B; Wim®. (13)  5-hp four-pole 1800-r/min surface-mounted PM motor is pre-
sented here for verification. A cross section of the motor along
with its meshes and flux distribution is shown in Fig. 10. The di-
mensions and parameters are shown in Table I. Eddy-loss con-
stantk. = 0.07, and hysteresis constakyf = 44.

Since at each layer of the yoke the normal component of yokeFig. 11 shows the tooth flux density waveform of the experi-
flux density has a different plateau, itis desirable to integrate thental PM motor obtained at the center of a tooth calculated by
loss over the whole yoke to get the total eddy loss induced p¥M. It can be measured from Fig. 11 that the distance needed
the normal component. It was found that this component of logsy the linear part of the normal component of the tooth flux

C. Eddy Loss Induced by the Normal Component

can be expressed as density to rise from zero to the plateau value is 0.128 pole pitch
) or 1.15 slot pitch. From the dimensions of the motor, it can be
Denn 64k,d, kW2 B2 Wim? (14) calculated that,,/§ = 3.15, and\/§ = 5.1. From Fig. 6,
AT 2TqmRa Ny k, = 0.72. From Fig. 7 k. = 1.18. The tooth eddy loss of this

_ _ _ _ _ motor is 17.3 W calculated by FEM at 1800 r/min. It is 18 W
whered, is yoke thickness, and, is the projected slot pitch at predicted by the approximation model (3.9% discrepancy).

the middle of yoke. Fig. 12 shows the yoke flux density waveforms of the exper-
imental PM motor obtained at the middle of the stator yoke cal-
D. Simplified Yoke Eddy-Current-Loss Model culated by FEM. It can be seen from Fig. 12 that the linear part

. of the circumferential component of yoke flux density takes 0.3
The modified yoke eddy-current-loss model can now be ex- ; : . )
pole pitch to rise from zero to the plateau. This confirms that
pressed as , . .
the circumferential component takes about one magnet width to
18 change from negative plateau to positive plateau. The normal
— 1,272 3 . .
Pey = aﬁkekrwsBc W/m (15) component takes 0.13 pole pitch to rise from zero to plateau.
Recall that the normal component of tooth flux density of this
wherek,. is a correction factor for the eddy loss induced by thenotor takes 0.128 pole pitch to rise from zero to plateau. It
normal component of yoke flux density and is related to motdherefore confirms that the normal component of yoke flux den-
geometry sity has the same waveform as that of the normal component
of tooth flux density. By using the dimensions of the motor,
dy, = 17.4 mm, A\, = 15.1 mm, andk, = 0.72. From (16),
k. = 1.14. The yoke eddy loss of this motor is 18.1 W calcu-

8kqd§
27agA\3’

ko =1+ (16)
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Fig. 12. Calculated yoke flux density by FEM at the middle of yoke compared
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(b) TABLE I
COMPARISON OFIRON LOSSESBETWEEN THAT CALCULATED BY FEM AND
Fig. 10. A four-pole 36-slot rotary surface-mounted rectangular-edged THAT PREDICTED BY THE APPROXIMATION MODEL (WATTS)
radially magnetized PM motor. (a) Geometry and mesh. (b) Flux distribution. _ )
Speed (RPM) 300 600 900 1200 1500 1800
By simplified model 6.7 15.6 26.7 40.1 55.8 73.7
By FEM 6.5 15.0 25.5 37.9 523 68.7
Difference (%) 3.1 4.0 4.7 5.8 6.7 7.3
TABLE |
DIMENSIONS AND PARAMETERS OFEXPERIMENTAL MOTOR
Nome Valuo Nomo Vil VIIl. EXPERIMENTAL INVESTIGATION
Inner radius of stator (mm)  58.5 Stator length (mm)  88.9 The open-circuited PM motor was driven by a dynamometer
Outer radius of stator (mm)) 95 Tooth width (mm) 53 and the shaft torque was measured over a wide range of speed.
Thickness of magticts (mm) 6.3 Yoke depth (mm) © - 17.4 This torque—speed product represents the no-load loss of the
Tooth flux density (T) 12398 Tooth height (mm)  19.1 que-sp pr pr o
Yoke flux density (T) 12827  Magnet coverage 0.667 motor. The loss consists of the iron loss plus the friction and
Tooth volume (m® 0.000380 * Slot opening (mm) 3 windage loss. This latter component of losses cannot be mea-
Yoke volume (m®) 0.000838  Airgap length (mm) 2 sured directly on a PM motor since the field-produced iron loss

is always present.

To circumvent this difficulty, the procedure in [14] was em-
lated by FEM at 1800 r/min. Itis 19 W predicted by the approXployed. An identical rotor without magnets on its surface was
imation model (5% discrepancy). assembled with the same stator. When this motor is driven by

Table Il gives a comparison of the iron-loss components gie same dynamometer, the shaft torque represents the friction
the experimental PM motor obtained by FEM and by the apnd windage loss of the motor. The friction and windage loss
proximate model for a number of values of speed. It shows gofwmt the motor with and without PM on the rotor may be slightly
agreement between the predicted iron losses of the two methatifferent but the difference is ignored. This friction and windage
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TABLE Il [9] G.Bertotti, A. A. Boglietti, M. Chiampi, D. Chiarabaglio, F. Fiorillo, and
COMPARISON OFIRON L OSSESBETWEEN MEASURED AND PREDICTED (WATTS) M. Lazzari, “An improved estimation of iron losses in rotation electrical
machines,IEEE Trans. Magn.vol. 27, pp. 5007-5009, Nov. 1991.
Speed (RPM) 300 600 900 1200 1500 1800 [10] J. G. Zhu, V. S. Ramsden, and P. A. Watterson, “Finite element cal-
Predicted 67 156 267 401 558 73 culation of core losses in motors with nonsinusoidal fields,Pioc.
Measured (with inverter) 4.2 119 228 363 526  71.6 ICEM'92, Manchester, U.K., 1992, pp. 1182-1186.
’ ) ’ ’ ’ ’ [11] Z. J. Liu, K. J. Binns, and T. S. Low, “Analysis of eddy current and
Measured (by torque) 3.1 119 211 354 550 725 thermal problems in permanent magnet machines with radial field

topologies,”IEEE Trans. Magn.vol. 31, pp. 1912-1915, July 1995.
[12] z. J. Liu, C. Bi, and T. S. Low, “Analysis of iron loss in hard disk
drive spindle motors,[EEE Trans. Magn.vol. 33, pp. 4089-4091, Sept.
; ; 1997.
loss was subtracted from the total losses to obtain the iron Ioss?ﬁ] M. K. Jamil and N. A. Demerdash, “Harmonics and core losses of per-
at each value of operating speed. manent magnet DC motors controlled by chopper circulEEE Trans.

A second measurement of losses was performed when thle4 Eneégélmnversliqnt/ql. ?}\ﬁp' r‘]‘_08—414635”,‘e 19%"- ding. MA: Ad
motor is driven with an inverter. With no mechanical load on the™ diéoﬁ—wsggymi;gcz”ca achines and brives Feading, MA: Ad-

PM motor shaft, the input power at the stator terminals iS meaps] H. Yamadaet al, “Rotational core losses of induction motor by finite
sured. This power represents the total losses in the motor. Since_ €lement method,Elect. Eng. Jpn.vol. 103, no. 6, pp. 75-82, 1983.

. . . 6] F. Fiorillo and A. Novikov, “An improved approach to power losses in
the currentis negligible at no load, the correction for copper los magnetic laminations under nonsinusoidal induction wavefotBEE

is neglected. The iron losses are the total losses with the friction  Trans. Magn. vol. 26, pp. 2904-2910, Sept. 1990.
and windage loss of the machine subtracted. [17] K. Atallah, Z. Q. Zhu, and D. Howe, “An improved method for pre-

. . . dicting iron losses in brushless permanent magnet DC drifEEE
Table Ill gives a comparison of the total iron losses of the ex- 16" Magn. vol. 28, pp. 2997-2999, Apr. 1992.

perimental PM motor measured by these two methods and thoges] J. Gyselinck, L. Dupre, L. Vandevelde, and J. Melkebeek, “Calcula-

predicted by the approximate model over a range of values of  tion of iron losses in electrical machines using the Preisach model,” in
speed. The discrepancy between the predicted and the measured fg%?gjp'nj'z\gvf’zgmp Electrical and Magnetic Fieldsege, Belgium,
iron losses are generally within 5%. [19] V. B. Honsinger, “The fields and parameters of interior type AC per-
manent magnet machine$EE Trans. Power App. Systol. 101, pp.
867-876, Apr. 1992.
[20] K. J. Binns and M. S. N. Al-Din, “Use of canned rotors in high-fields
permanent magnet machine®foc. Inst. Elect. Eng.vol. 139, no. 5,
IX. CONCLUSION pp. 471-477, 1992.
[21] M. Chunting and J. Xiaoyin, “Effect of ring material on airgap flux of
. . . . permanent magnet machined, Northwestern Polytech. Unjwol. 11,
This paper has described an improved approximate model 5 4. Dp. 447-450, 1993.
for predicting iron losses in surface-mounted PM synchronoug?2] G. R. Slemon, “Design of permanent magnet AC motors for variable
machines. speed drives,” irPerformance and Design of Permanent Magnet AC
i . . . Motor Drives New York: IEEE Press, 1991, ch. 3.
Assumptions made in an earlier paper have been refined hys| c. Mmi, “Modeling of iron losses of permanent magnet synchronous

comparison with FEM analysis. Experimental measurements motors,” Ph.D. dissertation, Dept. Elect. Comput. Eng., Univ. Toronto,
have also been made to add confidence to the results. Toronto, ON, Canada, 2001.
These simple approximation models for iron losses should be
of distinct value in design optimization studies where the large
number of dimensional iterations precludes the use of finite-
element analysis for loss prediction.
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