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This paper presents the characteristics of PM eddy current loss and harmonic iron loss for PM step-skewed
Interior Permanent Magnet Synchronous Motor (IPMSM) with concentrated windings and multi-layered PM
under the running condition of maximum torque per ampere (MTPA) and flux-weakening control. In particu-
lar, PM eddy current loss and harmonic iron loss in IPMSM have been numerically computed with three-
dimensional Finite Element Analysis (3D FEA), whereby IPMSM with concentrated windings and multi-lay-
ered PM has been designed to identify the optimized skew angle contributing to the reduced PM eddy current
loss and torque ripples, while maintaining the required average torque. Furthermore, numerical investigation
on PM eddy current loss and iron loss at MTPA and flux-weakening control has been carried-out in terms of

PM step-skew.

Keywords : interior permanent magnet synchronous motor, torque ripple, permanent magnet eddy-current loss, iron

loss, finite element analysis

1. Introduction

IPMSM has the distinctive attractiveness in torque and
power density, and particularly wide operating speed range
with assistance of the outstanding flux-weakening cap-
ability. In practical, IPMSM with concentrated windings
has been widely applied for its manufacturing easiness
and the size compactness due to short end-windings
[1,2]. However, it has drawbacks of PM eddy current
loss and harmonic iron loss at the running circumstance
of high-speed driving with flux-weakening control, and
torque ripples on account of non-sinusoidal space
harmonics. Actually, PM eddy current loss is the cause of
temperature rise at the inner side of PM, sometimes
giving rise to the risk of irreversible PM demagnetization.
Also, torque ripples should be minimized for better the
performance of the harmonic noise and vibration of
IPMSM. In addition, IPMSM has the unique rotor con-
struction with the multi-layered and segmented PM for
the enhanced reluctance torque production and the flux-
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weakening capability by improving the rotor saliency,
which causes the distorted flux path and the significant
harmonic iron loss after all.

Meanwhile, skew has been known as the attractive
solution for getting rid of torque pulsation, and PM step-
skew of rotor is the feasible configuration for IPMSM in
terms of manufacturing usefulness, where the best skew
angle comes to be the ultimate design objective to com-
pensate the torque ripples, while maintaining the required
torque. Furthermore in this paper, PM step-skew angle of
IPMSM with concentrated windings and the multi-layered
PM has been designed for reducing PM eddy current loss
and torque ripples at the same time.

In addition, numerical investigation on harmonic iron
loss for the purposely-redesigned prototype of IPMSM
has been done for the representative control strategy of
MTPA and flux-weakening control in terms of PM step-
skew. Moreover, magnetic flux density waveform at the
stator tooth and yoke, and its harmonic components are
numerically identified in detail. In particular, 3D FEA has
been carried out for the better accuracy in calculating the
electromagnetic losses and the torque pulsation.
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2. Numerical calculation of PM Eddy
Current Loss and Iron Loss

IPMSM has the distinctive features of nonlinear mag-
netic saturation, more significant around the layered PM
in rotor, which gives rise to harmonic magnetic flux
waveforms. It should be considered in calculating iron
loss coupled with nonlinear FEA for the better accuracy
[3-5]. In particular, the locally distorted flux waveform in
rotor is decoupled into the n-th order harmonic com-
ponent in the i-th element, and then the total iron loss can
be obtained by adding up the individual iron loss which
can be identified in every element with the numerical
formulation as shown in (1). In addition, the PM eddy-
current loss in every element, Wpy, can be calculated by
the obtained n-th order component of eddy current den-
sities, J,, as shown in (2) [6-9].
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where f'is the frequency, and K., K, denotes the coeffi-
cients of eddy-current loss and hysteresis loss, respec-
tively. D is the density of the electrical steel plate, and &
is the conductivity of PM material. B,,, By, denotes the n-
th harmonic component of the radial and peripheral
magnetic flux density [10].

3. Numerical Investigation on PM Eddy
Current Loss and Iron Loss for PM
step-skewed IPMSM

3.1. Primitive prototype of IPMSM for evaluation

The primitive prototype of IPMSM (maximum power:
120 kW @ 2500 r/min, maximum speed: 6000 r/min), of
which specification are summarized in Table 1, has the
widely utilized 16 poles and 24 slots with concentrated
windings. It has the two-layered cavities configuration

Table 1. Specification of [IPMSM.

Phase/Poles 3/16 Air-gap length 1 mm
Numbesrl;)tf stator 24 Outer Diameter of The Rotor 264 mm
Maximum output 120 kW Outer Diameter of The Stator 360 mm

Magnet type ~ Nd-Fe-B Stacking Length 120 mm
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Fig. 1. (Color online) Geometry of primitive prototype of
IPMSM.
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Fig. 2. (Color online) Magnetic flux density of IPMSM under
MTPA (Input current: 450Apk, Speed: 2500r/min).

with segmented 8-pieces of PM embedded in rotor as
shown at Fig. 1, of which magnetic flux density under
MTPA at the base speed (Input current: 450 Ay, current
angle: 29.5 deg) is shown in Fig. 2. It is shown that the
flux concentrates more around the bridge and center-post
adjacent to the rotor surface, which gives rise to the
harmonic flux giving an influence on harmonic iron loss,
PM eddy current loss, and torque ripples as well.
Electromagnetic losses in rotor and torque ripples of the
primitive prototype of IPMSM have been computed by
3D FEA with (1) and (2), which are shown in Table 2. In
particular, PM eddy current loss is 1.47 kW amount to the

Table 2. Electromagnetic losses in rotor and torque ripple of

IPMSM.
PME A
Rotor Iron Loss ddy Verage Torque Ripple
(6000 rpm) Current Loss Toque (2500 rpm)
P (6000 rpm) (0-2500 rpm) P
1.85 kW 1.47 kW 523 Nm 15%
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rotor iron loss at the maximum speed, and torque ripple is
up to 15% of the rated average torque at the base speed,
which seems to be hard to control. Significant PM eddy
current loss and torque ripple reinforces the primitive
prototype of IPMSM to be redesigned purposely, where
PM step-skew is regarded as the best solution taking
account of manufacturing feasibility.

3.2. Purposely-redesigned IPMSM with PM step-skew
Purposely-redesigned IPMSM is shown in Fig. 3 adopt-
ing PM 3-step-skew (skew angle: 40 deg in electrical),
which results from the numerical investigation compromi-
sing to reduce PM eddy current loss and torque ripples at
the same time without sacrificing the average torque.

(b)

Fig. 3. (Color online) Purposely-redesigned [IPMSM with PM
3-step-skew (40deg in electrical) (a) Geometry of redesigned
IPMSM (b) Structure of PM 3-step-skew.
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Fig. 4. (Color online) Comparison results of torque ripples in
terms of skewing (a) torque ripples (b) cogging torque.

Actually, 3D FEA has been applied for PM step-skewed
IPMSM for better accuracy, paying more attention to the
axial directional magnetic flux flow.

Reduction of torque ripples and cogging torque on
account of skewing is compared in Fig. 4, manifesting the
dramatic elimination of torque pulsation along the rotational
angle (in mechanical). Furthermore, reduction of PM eddy
current loss in terms of skewing according to the rotational
speed is compared in Fig. 5, of which comparison results
are summarized in Table 3. PM step-skew has dedicated
to reduce torque ripples by 80%, cogging torque by 83%,
and PM eddy current loss by 57%, whereas sacrificing the
average torque by 8% only.

3.3. PM eddy current loss and iron loss for PM step-
skewed IPMSM at MTPA and Flux-Weakening Control
Comparison results of decoupled stator iron loss, rotor
iron loss, and PM eddy current loss in terms of skewing
according to rotational speed are shown in Fig. 6. In
particular, iron loss in stator and rotor increases, whereas
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Fig. 5. (Color online) Comparison results of PM eddy current
loss in terms of skewing according to rotational speed.

Table 3. Comparison results of torque ripples and PM eddy
current loss for redesigned IPMSM.

Torque Cogging Torque PM Eddy
Division (2500 rpm) (No-load) Current Loss
Average  Ripple Pk-Pk (6000 rpm)
No-skew 523 Nm 15% 18 Nm 1.47 kW
Skew 477 Nm 3% 3 Nm 0.62 kW
1 =71 Stator Iron Loss Il Rotor Tron Loss I PM Eddy Current Loss
8
6 No-skew skew
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Fig. 6. (Color online) Comparison results of decoupled loss in
terms of skewing according to rotational speed (no-skew: 8.25
kW, skew: 7.3 kW).

PM eddy current loss decreases noticeably, which contri-
butes to the total loss reduction by 10% after all by
adopting PM 3-step-skew for [IPMSM.

For more details for iron loss, fundamental and harmonic
ones in stator and rotor are identified in terms of skewing
according to rotational speed as shown in Fig. 7. In parti-
cular, fundamental harmonic iron loss in stator increases
according to rotational speed in MTPA, which is mainly
originated by the opening geometry of stator and rotor
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Fig. 7. (Color online) Comparison results of fundamental and
harmonic iron losses according to rotational speed: (a) no -
skewed IPMSM (b) skewed IPMSM.

along air-gap. However, it decreases at the higher speed
exceeding the base speed, since flux-weakening control
makes the fundamental field flux decreased by imposing
the negative d-axis current, whereas harmonic field flux
increases in flux-weakening control at the higher speed,
and then harmonic iron loss in stator increases analog-
ously. In addition, it is shown that rotor iron loss increases
according to rotational speed, which supposes that
harmonic field flux flow is dominant in rotor.

Although PM 3-step-skew contributes to outstanding
reduction of PM eddy current loss, it gives little effect on
iron loss in stator and rotor but the harmonic iron loss in
stator increases rapidly according to rotational speed. For
more details on harmonic iron loss, numerically obtained
iron loss at 2500 r/min (MTPA) and 6000 r/min (flux-
weakening control) are shown in Fig. 8. It is shown that
iron loss distributes conventionally in MTPA, noticeable
at rotor surface and tooth-shoe, but most of iron loss in
flux-weakening control is occurred at stator mainly due to
harmonic iron loss as mentioned before. For better under-
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Fig. 8. (Color online) Iron loss distribution versus rotational speed: (a) Iron loss at 2500r/min (MTPA) (b) Iron loss at 6000r/min

(flux-weakening control).

stating of harmonic iron loss in stator, magnetic flux den-
sity waveform and its harmonic component are numeri-
cally identified using FEA as shown in Fig. 9 and Fig. 10,
which is done at teeth and yoke highlighted in Fig. 8 and
for MTPA and flux-weakening control, respectively.
Analogous to the previous results, harmonic flux density
waveform is noticeable for flux-weakening control more
than for MTPA, and at tooth more than at yoke because of
the harmonic flux concentration across air-gap.
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It is shown that the dominant electromagnetic loss com-
ponent for PM step-skewed IPMSM with concentrated
winding is PM eddy current loss and harmonic iron loss
in stator, which are also coupled with torque ripples.
Accordingly, optimal geometry design of the stator and
rotor surface along the air-gap, PM slots, skew angle and
number of PM steps will be requisite for the purpose of
minimizing PM eddy current loss, harmonic iron loss in
stator, and torque ripples as well.
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Fig. 9. (Color online) Flux density waveform and harmonic components at 2500r/min (MTPA) (a) stator tooth (b) stator yoke.
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Fig. 10. (Color online) Flux density waveform and harmonic components at 6000r/min (flux-weakening control) (a) stator tooth (b)

stator yoke.

4. Conclusion

PM eddy current loss and harmonic iron loss are
numerically identified and investigated for PM step-
skewed IPMSM with concentrated winding. Based on 3D
FEA, PM step-skew angle design of IPMSM has been
done for the remarkable reduction of PM eddy current
loss and torque ripples at the same time without sacri-
ficing the average torque. Moreover, harmonic iron loss is
thoroughly investigated for MTPA and flux-weakening
control evaluating the magnetic flux density waveform in
stator tooth and yoke. It is shown that the dominant
electromagnetic loss components are PM eddy current
loss and harmonic iron loss in stator, which are noticeable
at flux-weakening control for the higher speed operation
and mostly occurred at stator tooth face along the air-gap.
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