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Iron Loss in Permanent-Magnet Brushless
AC Machines Under Maximum Torque Per
Ampere and Flux Weakening Control

Z. Q. Zhy Senior Member, IEEE, Y. S. Chen, and D. Howe

Abstract—The airgap flux density distribution, flux density loci : ]
in the stator core, and the associated iron lossin two topologies of sk A oy
brushlessac motor, having a surface-mounted magnet rotor and an

interior-mounted magnet rotor, respectively, areinvestigated when J I

operated under maximum torque per ampere control in the con-

stant torque mode and maximum power control in the flux-weak-

ening mode. It is shown that whilst theinterior magnet topology is

known to be eminently suitable for flux-weakening operation, due ]
toitshigh demagnetization withstand capability, itsiron losscan be @ () ©

ianifi Iv higher than for rf moun maanet machine. Fig. 1. Field distribution in surface-mounted magnet motor. (a) Open-circuit.
significantly higher than for a surface-mounted magnet machine (b) On-load {; = —4 A, I, = 0).(c) On-load {;, = 0, I, = 4 A).

Index Terms—Flux-weakening, permanent-magnet machines,

iron loss. current in order to realize the reluctance torque component. In

I. INTRODUCTION the flux-weakening (chstant power) operating rangedttes _
) current progressively increases as the speed increases, while the

PERMANEN_T'MAG_NE_T brushless ac machines, when, axis current reduces. The optimaland ¢ axis current pro-

~ employed in applications such as electric vehicles aghs fylly utilize the inverter capability, whilst maximizing the
spindle drives, are operated under both constant torque ‘mﬂput power and torque. When the ratiowt,l,/E ~ 1
constant. power modes. Howeve_r, whilst the |_nﬂ_uence %herew is the angular speed,, is thed axis inductanceF is
machine parameters on the operational characteristics has qﬁdgrbhase back-emf, adgls the rated phase current, maximum

t L 1

researched extensively [1], [2], relatively little has been repor %x—weakening capability (defined as the ratio of the maximum

on the influence of the control strategy and machine topology .. : ) R
on the iron loss. However, the iron loss requires careful cons chievable speed to the base-speed) is achieved, being infinite

eration, particularly under high-speed, flux-weakening contrl theory [2]. In this investigation, two 1.3 kW, three-phase
[3]. Most investigations, however, consider only the no-logéermanent-magnet brushless ac motors_havmg |den_t|ca_1l stators,
iron loss [4], [5]. This paper investigates the airgap flux densi _|th six poles, 18_slots_, and an overlapping stator Wlndlng_, but
distribution, the flux density loci in the stator core, and the ass8ifferent rotors, viz. with surface-mounted magnets and inte-
ciated iron loss in two brushless ac motor topologies, havingigr-mounted magnets, and aratiaot !,/ of 0.45and 0.61,
surface-mounted magnet rotor and an interior-mounted magregpectively, were considered. The dc-link voltage = 285V,

rotor, respectively, when operated under maximum torque per= 4 A(peak), and the base-speed700 r/min. The motors
ampere control in the constant torque mode and maximumere designed to have the same torque capability at base-speed.

power control in the flux-weakening mode. Hence, due to its saliency, the interior-mounted magnet motor
produces alower back-emf (93% of that for the surface-mounted
Il. MOTORS ANDAIRGAP FIELD DISTRIBUTIONS magnet motor). The field distributions on open-circuit and at

. rated current (with rated axis current, i.e.f; = 0,1, = 4 A,
In vector-controlled brushless ac drives, the stator phase cur- ( d fa 1

thd rated! axis current, i.e.J, = —4 A, I, = 0) are shown in
, : ,i.e. Ay
rents are transformed tbandq axis currents in the rotor frame Figs. 1-4 for both motors.

and controlled according to optimal current profiles in order to The open-circuit airgap field distribution in both motors is

obtain the required magnitude of flux and torque, respectlveléfm“ar’ in that they have similar amplitudes and are modulated

Inthe constar_wt tofq“e operating range, maximum torque per “the relatively wide stator slot openings (2.5 mm). The am-
pere control is widely used [1] for a surface-mounted magn litudes of thed andg axis armature reaction fields in the sur-

motor, maximum tor ramper ntrol results in i .
otor, maximum torque per ampere control results in zevds face-mounted magnet motor are also more or less similar, the

f:urrent, whilst for an interior magnet motor_wnh saliency, MaX rmature reaction field being relatively weak due to the large ef-
imum torque per ampere control results in a negafivaxis

fective airgap. For example, the average magnet working point
reduces by~0.1 T under the influence of the axis arma-
Manuscript received February 14, 2002; revised May 9, 2002. ture reaction field, the magnets being uniformly demagnetized

The authors are with the Department of Electronic and Electrical E”E’Ehroughout their volume, whilst the axis armature reaction
neering, University of Sheffield, Sheffield S1 3JD, U.K. (e-mail: Z.Q.Zhu@% ’

sheffield.ac.uk: S.J.Gawthorpe@shefield.ac.uk). ield demagnetizes only one side of each magnet. Due to the
Digital Object Identifier 10.1109/TMAG.2002.802296. relatively small airgap, armature reaction in the interior magnet
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Fig. 2. Airgap field distribution in surface-mounted magnet motor.
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Fig. 3. Field distributions in interior magnet motor. (a) Open-circuit.

(b) On-load (, = —4 A, I, = 0). (c) On-load (. = 0,1, = 4 A). ¥ s . vl -4
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:,: i ==l Fig. 5. Flux density waveforms in surface-mounted magnet motor. (a) Tooth.
_ oo i N ! (b) Yoke. (Constant torque range: ratg@xis current; flux-weakening range:
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Fig. 4. Airgap field distribution in interior-magnet motor. 1o f PE e |
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motor is much more significant, a large proportion of thaxis
armature reaction flux passing through the rotor inter-pole re- o R (o i
gions, whilst the majority of the axis armature reaction flux (@)
passes through the rotor iron rather than through the magnets. g
Thus, the effect of thel axis armature reaction field on the 12 *..:.."4':......1.
. . . Foihis o ey i g
working point of the magnets, and hence, the potential for par- 19
tial irreversible demagnetization, is greatly reduced. As will be s
observed from Figs. 2 and 4, the on-load airgap field contains = =
significant harmonics, particularly in the interior-magnet motor. i
Thus, the on-load stator iron loss in the interior-magnet motor ;
will be significantly higher than that in the surface-mounted oy
magnet motor. = '-:- (] i s b1 Kl il
Ill. IRONLOSS Anguiar Fanson (wec dep |
(b)

The stator iron loss is calculated by finite-element analysis.
By a well-developed and validated technique based on theHig. 6. Flux density waveforms in interior-magnet motor. (a) Tooth. (b) Yoke.
nite-element method and experimentally determined loss cofsfonstant torque range: ratgaxis current; flux-weakening range: ratédxis
ficients for the stator lamination material [3]. It calculates th(éu"em)
hysteresis, eddy current, and excess components of iron loss
density on an element-by-element basis from flux density wavieeld solutions as the rotor is rotated I86lec. In the motors
forms derived from a series of two-dimensional magnetostatiader consideration, the lamination thicknes$.35 mm, mass
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by measuring the power when the motor is run up to the re-
quired speed by a coupled motor, and subtracting the mechan-
ical loss when the motor has a dummy nonmagnetic rotor and
run up to the same speed. The surface-mounted magnet motor
has a slightly higher open-circuit iron loss than the interior-
magnet motor since its back-emf, and stator flux density, is
higher. It should also be noted that the measured loss of the in-
terior-magnet motor is slightly higher than predicted, due to the
smaller effective airgap, which results in a loss induced by field
harmonics in the laminated rotor poles.

Also shown in Fig. 7 are thd and ¢ axis current profiles
for maximum torque per ampere and flux-weakening control
[1] with I, = 4 A, together with current profiles for infinite
flux-weakening capability [2], whewL,I./E = 1, which
equates to currents @f21,. and1.651,. for the surface-mounted
and interior-magnet motors, respectively. The resulting iron loss
was again deduced from magnetostatic field solutions, as instan-
taneous phase currents are assigned according to the rotor po-
sition. The variation of the stator iron loss with speed for both
motors when they are operated with optirdandg axis cur-
rent profiles corresponding to rated current, as well as with the
profiles corresponding to infinite flux-weakening, are shown in
Fig. 7. As will be seen, the iron loss in the constant torque range
is slightly higher than the iron loss on open-circuit. In the con-
stant power, flux-weakening range, however, the iron loss be-
comes progressively lower than the open circuit value. However,
the iron loss of the interior-magnet motor remains significantly
higher than that of the surface-mounted magnet motor, due to
the higher harmonic content in the armature reaction field. This
is further highlighted by the fact that when the current in the sur-
face-mounted magnet motor is increased.ftd,., a further sig-
nificant reduction in the iron loss occurs in the flux-weakening
range. When the current is increasedl t651,. in the interior-
magnet motor, the iron loss increases slightly in the flux-weak-
ening range due to the armature reaction field harmonics.

IV. CONCLUSION

The stator iron loss in brushless ac motors, having a surface-
mounted magnet rotor and an interior-mounted magnet rotor,
respectively, has been investigated under both constant torque

Fig. 7. Variation of iron loss in surface-mounted and interior-mounted magr@nd constant power operating modes. Whilst the interior-magnet
motors. (a) Surface-mounted magnet motor. (b) Interior-mounted magnet mofpfotor facilitates extended qux-weakening operation, its iron

density = 7650 kg/m?, resistivity = 46 x 1078 Q-m, and

the hysteresis, eddy current, and excess loss coefficients are

K, =171 x10"?,a =2.12,andK,. = 4.39 x 107°. Figs. 5

loss can be significantly higher in the flux-weakening operating
range.
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