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Comparative Analysis of Magnetic Slot Wedges Design for Increasing
Performance of Railway Traction Motor
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Abstract — This study focuses on the effects of using open stator slots in an interior permanent
magnet traction motor with a magnetic slot wedge design in order to increase the power density at its
base speed. In addition, such a configuration reduces the torque ripple under field-weakening
conditions. Five different wedge models were selected, each of which was evaluated using a finite
element analysis (FEA). Based on the initial model, we designed magnetic slot wedges for maximum
back-EMF and minimum cogging torque. In addition, the d-q axis inductance was slightly altered due
to the magnetic slot wedges. Finally, we analyzed the performance of a traction machine under field
weakening control. Moreover, we have outlined the requirements for an ideal magnetic slot wedge
design.
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1. Introduction

Recently, railroad cars — specifically, light rail transit
(LRT) — have been proposed as solutions to both traffic
problems and environmental problems. LRT has proven to
be superior to subways in terms of construction costs and
accessibility. In particular, a tram-train can be operated on
common roads and requires much fewer construction costs
[1]. Further, a tram-train can be utilized as a semi-high-
speed train to connect cities.

A crucial characteristic of the tram-train is that it can be
driven in both urban and rural areas, running at a maximum
speed of 70km/h in urban areas and 150km/h between cities.
Therefore, the operating point varies due to differences in
departure acceleration. Depending on each operation pattern,
traction may or may not be required by each traction motor
[2]. Thus, the required traction for each tram and train
torque/speed curves, respectively, must be considered. Fig.
1 shows the required traction curve in the tram and train
intervals, respectively. Permanent magnet (PM) motors are
considered to be the best solution to fit this type of load
curve.

In particular, an interior permanent magnet synchronous
motor (IPMSM) using rare-earth magnet, such as neo-
dymium iron boron (NdFeB), may provide a high torque
density and high-efficiency solution for such demanding
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applications as the tram-train automotive system. IPMSMs
have been developed to improve the efficiency and output
density of a tram-train system, in comparison to induction
motors. The trend has been to design a tram-train’s [IPMSM
to be free of vibration and acoustic noise in order to obtain
smooth torque with minimum pulsation an accurate
positional control. Doing so also improves passengers’
overall comfort levels [3,4].

A parallel slot is usually used to improve the slot fill
factor in order to achieve a higher torque density at base-
speed, with an integral-slot distributed winding. In this case,
the motor’s tooth tips were narrower than their bottoms, and
the flux density in the tooth tips often exceeded 2T under
rated working conditions. Here, the unbalanced air-gap
flux density produced very large slot harmonics and torque
ripples.
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Fig. 1. Required traction curve of a traction motor for a
tram-train system-
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In this situation, the magnetic slot wedge will reduce the
saturation in the tooth tip. This function could counteract
the torque reduction caused by slot leakage, thereby
decreasing the cogging torque and torque ripple, an
eliminating torque reduction.

In previous studies, cogging torque was a major concern
in PM motors [5-9]. Although a magnetic wedge application
for axial flux machines has been mentioned [10], it was
different from pre-formed radial flux PM machines.

This paper presents a novel magnetic wedge shape
consisting of double-layer and multi-layer types for a tram-
train system IPMSM. The proposed magnetic wedge shape
was designed for a fundamental waveform of back-EMF,
which would yield a favorable combination of wedge
reduction and back electromotive force (back-EMF)
harmonics. A detailed 2-D finite element analysis (FEA)
for the five models was conducted as a comparison of the
magnetic field distribution and flux line distribution results
at a no-load state, start point, and field weakening point.
Section II discusses the modeling of the IPMSM in detail,
and Sections III contains a comparison of both the 2-D
FEA results for open circuit and load operation. Finally,
concluding remarks are given in Section IV.

2. Modeling of IPMSM with Magnetic Slot Wedge
Design

2.1 Tram-train system IPMSM and torque charac-
teristics

This project presents the 210-kW class three-phases
IPMSM with the six-pole/ fifty four-slot structure. As for
the PM geometrical arrangement, the rotor PMs can be
positioned as “ ”, “ V” and “\ /”. The \ /-shape PMs can
offer a highest flux density than the other shapes” .a \ /-
shape PM arrangement is chosen in this work. Firstly, the
sizing of the machine is conducted and its performance is
investigated including the flux density, self- and mutual-
inductances, electrical torque and torque ripple by the
FEM .The rotor barrier, shape and geometry of PMs are

Fig. 2. Configuration of the basic model (Model 1)
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Table 1. Specifications of basic models

Item Unit Value

Rated power kW 210
Maximum power kW 282
Rated speed rpm 2400
Maximum speed rpm 6000
Magnet poles/Stator slots - 6/54
Stator outer diameter 430 mm
Rotor outer diameter 260 mm
Rotor inner diameter 100 mm
Air-gap length 1.5 mm
Permanent magnet thickness 10 mm
Permanent magnet length 24 mm
Lamination axial length 220 mm

based on the previous work where several optimization
methods are exercised to enhance the motor performance
(torque density, spatial harmonics and cogging torque).
After optimization, the design parameters are obtained, as
presented in Table 1.

The rotor and stator lamination indicating the location of
the sintered rare-earth rotor magnets is shown in Fig. 2.
The machine had high iron loss in the stator teeth. Cutting
the tips of the stator teeth to form open slots reduced this
effect, indicating that the stator slot openings were widened.
Here, using open slots will have implications for the
mechanical retention of the windings in the slots. The basic
model contains non-magnetic wedges to prevent the
winding dropout and increase the mechanical strength.
Meanwhile, the inner holes in the rotor are used to make a
cooling loop, reduce the motor temperature in the overload
operation.

2.2 Proposed model: Open slots IPMSM with
different wedge design models

A glass-fiber non-magnetic wedge was used as a reference
wedge material. Its relative permeability was equal to 1,
and it did not cause heat or other losses; hence, the
resistivity may be assumed to be infinite. Fig. 4(a) shows
the glass-fiber wedges assembled in a basic 210 kW model.
Some other materials in the closings of the slot opening
were magnetic wedges with a relative permeability ranging
from 1 to 850. Magnetic wedges with a relative perme-
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Fig. 3. The magnetization (B/H) curves of the magnetic
slot wedges
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Fig. 4. Comparison of magnetic and non-magnetic wedge design models. (a) Basic model (Modell); (b) Model 2; (c) Model

3; (d) Model 4; (e) Model 5.

ability from 1 to 7 (e.g. Magnoval) are generally made of
glass cloth (5-10%), iron powder (75%), and a high
temperature-resistant epoxy resin (15-20%). The model’s
magnetization (B/H) curves can be seen in Fig. 3.

Another four magnetic wedge structures are described in
Fig. 4(b)-(d). Fig. 4(a) shows a basic model with the most
typical non-magnetic wedge design. Fig. 4(b) contains a
magnetic slot wedge, compared to the traditional open
slot structure. Fig. 4(c) double layer wedge: contains a
magnetic wedge to under the non-magnetic slot wedge;
whereas, the model in Fig. 4(d) has a magnetic and non-
magnetic wedge in a different position. Fig. 4(e) shows a
multi-layer slot wedge designed to reduce eddy current loss
from the magnetic wedge.

The open-slot design has larger stator slot openings,
hence, a larger Carter’s coefficient than the original semi-
closed design. This results in an increase of the effective air
gap in the machine, thereby reducing the open-circuit air
gap flux density. In turn, this configuration reduces the
back-EMF voltage hence, the PM contribution of the
output torque.

3. FEM Analysis of IPMSM with Five Magnetic
Wedge Models

3.1 No-load back-EMF and cogging torque analysis

The open-slot design has larger stator slot openings
hence, a larger Carter’s coefficient than the original semi-
closed design. This results in an increase of the effective
air gap in the machine, thereby reducing the open-circuit
air gap flux density. In turn, this configuration reduces the
back-EMF voltage — hence, the PM contribution of the
output torque.

The phase of the no-load back-EMFs of the five models
is shown in Fig. 5. Due to the same rotation speed (2400
rpm), the root mean square (RMS) values of the no-load
back EMF are kept the same in all five models to enable a
reasonable comparison of EMF harmonics and torque
pulsations. The basic models showed no-load back-EMF
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Fig. 5. Phase back-EMFs for all five models
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Fig. 6. FFT analysis of the phase back-EMFs

waveforms that consisted mainly of harmonics, while
model 2 and model 3 exhibited good sinusoidal back-EMF
waveforms. A fast Fourier transform (FFT) analysis of
back-EMFs is shown in Fig. 6, to evaluate the sinusoidal
quality of the back-EMF

The basic model caused a small relative drop in the
fundamental component of the back-EMF, and a substantial
relative increase in the higher harmonics - in particular,
the 17" and 19™. This was expected, given that these
correspond to the lowest-frequency tooth harmonics. A
higher tooth-slot permeability variation among the open
slots was expected to increase the magnitude of these
harmonic components.
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Fig. 7. Open circuit flux line field distribution: (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4; (e) Model 5
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Fig. 8. Magnetic flux path in IPMSM (a) Main flux path at
no-load; (b) Zig-zag leakage flux path for a locked
rotor, and open circuit magnetic field distribution;
(c) Model 2; (d) Model 3

Fig. 7 shows the open circuit flux line field distribution
for the five models. In the case of model 2, model 3, and
model 5, the flux transfer between the stator teeth could
be smoothed, thereby reducing the 17" and 19™ harmonics.
However, in the case of model 5, the magnetic slot wedge
closest to the air-gap was too narrow and magnetic
saturation occurred, which yielded an insignificant reduction
in the 17" and 19" in model 4.

Since the magnetic wedge was located too far from the
air-gap, the fringing effect resulted in no significant
improvements in air-gap flux.

Model 2 and model 3 contain almost solely a funda-
mental component of back-EMFs due to their proposed
magnetic wedge shape design, without any complex
optimization procedures. The harmonic distortions (THDs)
of the back-EMFs of the four models were 34.50%, 7.25%,
7.75%, 24.60%, and 10.82%, respectively, which are
calculated using
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Model 3 exhibited a superior sinusoidal back-EMF
waveform than model 2 because the fundamental back
EMF of model 3 was larger than that of model 2. Fig. 8
shows the open circuit magnetic field distribution for
model 2 and model 3. Even though both model 2 and
model 3 could reduce the saturation in the tooth tip, model
2’s magnetic wedge was too wide; thus, zig-zag leakage
flux was increased, which reduced the air-gap flux density.

Hence, an even better sinusoidal back-EMF waveform
was expected when the radial width of the wedges was
designed to be 1~2mm for the basic model, which
indicated an ‘ease of manufacturing’ issue. Fig. 9 shows a
comparison of the cogging torque between the five models.
Model 3 showed the least peak-to-peak value for cogging
torque (0.5 Nm), which was 15Nm, 0.INm, 0.6Nm, and
11.2Nm less than those of model 1, model 2, model 4, and
model 5, respectively. It should be mentioned here that
model 3 had the best magnetic slot wedge width and
position, and it can be concluded that the wedge design
was the main contributor to the model’s reduction of
cogging torque.

3.2 Electromagnetic torque and magnetic slot wedge
performance on the load operation

Sinusoidal current excitation has been utilized to evaluate
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Table 2. Two-dimensional FEA results

Item | Unit | Modell | Model2 | Model3 | Model4 | Model5
Open circuit analysis @ 2400rpm
Phase back EMF @2400rpm \4 3279 321.0 323.7 3194 320.6
THD of back EMF % 34.5 7.2 7.7 24.6 10.8
Cogging torque Nm 15.7 0.5 0.6 1.1 11.7
Load operation (@ 2400rpm (Start point) , Target torque: 850 Nm, MTPA
Current angle Deg 42 45 45 42 42
Average torque Nm 853.2 840.9 862.3 812.4 839.1
Torque ripple factor % 11.6 6.31 8.5 6.0 9.5
Output power kW 2144 211.3 216.7 204.1 210.9
Copper loss W 2847.7 2847.7 2847.7 2847.7 2847.7
Iron loss W 1970.5 2030.4 1928.6 1972.1 1914.2
Eddy current loss (Magnet) W 74.2 82.2 75.5 78.3 76.2
Eddy current loss (Magnet wedge) W 912.9 441.7 309.6 406.3
Efficiency % 97.8 97.7 97.8 97.7 97.8
Load operation @ 6000rpm (Maximum speed point) , Target torque: 450 Nm, field weakening
Current angle Deg 74 74 74 74 74
Average torque Nm 445.0 453.9 464.4 416.5 445.6
Torque ripple factor % 45.7 22.9 24.2 29.8 26.4
Output power kW 279.6 285.2 291.8 261.7 280.0
Copper loss W 2847.7 2847.7 2847.7 2847.7 2847.7
Iron loss W 6523.1 7002.4 6482.3 6161.5 6211.0
Eddy current loss (Magnet) W 133.8 158.2 127.5 145.5 139.2
Eddy current loss (Magnet wedge) W - 2795.7 1379.3 882.4 1209.7
Efficiency % 96.7 96.6 96.9 96.6 96.8

the electromagnetic torque characteristics of the five
proposed models. The target electromagnetic torque at a
starting rotational speed of 2400 r/min is 850Nm and
maximum speed of 6000r/min was 450Nm (Fig. 1). The
average output torque of the five models was approxi-
mately the same. Moreover, basic model 3 was regarded as
the preferred reference model rather than basic model 1,
since it had the largest power density, thereby providing
the same operating point comparison. The torque ripple
factor was defined as the ratio of the peak-to peak torque
value to the average torque value, and was adopted for
torque ripple calculations using

Tmax—T:'nin
K== ©)

avg

The comparison results are summarized in Table 3. We
used MAXWELL software to evaluate the iron loss
accurately, considering nonlinear phenomena, based on the
following equation:

Nelement

P, = Y [PB(B.f)+P (B.f)]

i

3)

The eddy current loss from the magnetic wedge
consistently varied according to the thickness of the
magnetic wedge. Thus, model 5 had the best performance
when the thickness of each wedge layer was smallest.

The copper loss can be found by

p, . =3I"R

copper rms

“)

Although the copper loss in model 4 was the highest, it
still maintained similar efficiency to the other three models
due to a reduction of iron loss. The efficiency of the
models can be defined by

_ I)out 5
’7 P()ut + Pcopper + Bron ( )
Where the output power Pout is obtained by
27w
= I 6
out e 60 ( )

Here, a larger effective air gap in the magnetic slot
wedge increased the inductances in both the d- and g-axes
of the machine, which affected the reluctance contribution
of the output torque. The machine without a magnetic slot
wedge had high electric and magnetic loading, exhibiting
strong saturation at the teeth.

Fig. 10(a) shows a comparison of model 3 and model 1
in terms of the calculated FEA d-q axis inductances
changes to model 3 increased the induction in the d-q axis
at a 42deg, 220Apeak from 1.78mH, 5.94mH to 2.37mH,
6.50mH. Secondly, at the field-weakening point (6000rpm),
the strong magnetic flux from the rare-earth magnets was
reduced by the stator current, which reduced the d-q axis
saturation of the stator magnetic wedge, as well as the g-
axis saturation of the web. This process also caused the g-
axis inductance to increase much more than that of the
baseline starting point. Fig. 10(b) presents the calculated
torque against current angle curves for model 1 and model

http://www.jeet.orkr | 2415
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3. Because of the increase in g-axis inductance, the
IPMSM had significantly improved power and efficiency
at high speed operation.

4. Conclusion

In this paper, four magnetic slot wedge shapes were
proposed to minimize torque pulsation. The proposed
wedge shape was designed for a fundamental waveform of
back-EMF. The design achieved a superior combination of
saturation by reducing the number of teeth and minimizing
the back-EMF harmonics. In order to facilitate the ease
of manufacturing, the proposed wedge shape was
designed with 1 layer of non-magnetic materials and 1
layer of magnetic stacks, which enabled the back-EMF to
approximate a sine wave. A detailed 2-D FEA prediction
of salient characteristics for the five models was illustrated
by comparison results. The following conclusions can be
obtained from these results.

The open slot IPMSM with a magnetic wedge in the
axial direction between teeth could produce a nearly
sinusoidal back-EMF waveform. Model 3 appeared to
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have a superior sinusoidal back-EMF waveform with
fewer harmonic components than other models.

Model 3 had 1 layer of non-magnetic materials and 1
layer of magnetic stacks. This configuration was a prominent
advantage for large power density at high speeds,
especially in the tram-train system applications, which
required precise positional control in applications such as
traction and brake systems.

The open slot IPMSM with magnetic wedges could
effectively minimize the torque pulsation. The proposed
model 3 significantly reduced not only cogging torque,
but also torque ripple.

At the high-speed field-weakening control point, the
IPMSM for model 3’s g-axis inductance of saturation
decreased, thereby increasing the torque density.

The design of the magnetic wedge will engender some
additional eddy current loss. In order to solve this problem,
magnetic slot wedge lamination will reduce the eddy
current loss; however, this will make manufacturing very
difficult. Therefore, taking into account the safety of a
motor’s performance in reducing the additional eddy
current loss will be the subject of future research.

Appendix
A.1 Experiment

The IMPSM basic model introduced in this paper was
manufactured. And test equipment is shown in Fig. 11. Fig.

IPMSM in housing Load motor

Stator& Rotor assembly

Temperature sensor

Fig. 11. Manufactured prototypes of basic IPMSM and test
set
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Table 3. Wedge costs and characteristics comparison

(a) Model 1 (b) Model 2 (c) Model 3
Item Unit Model 1 Model 2 Model 3
Cost ¥ 0 47.5 237.6
Cogging torque Nm 9.2 15.7 0.6
Fill factor % 42 58 58

12 shows the experimental and simulation values of the no-
load line-induced voltage at 500 r/min and 22°C in basic
model (with no magnetic wedge). The experimental value
of the no-load line-induced voltage is 120.3V, and the
simulation value is 177.7V, which show that these two
values are relatively similar.

A.2 Cost and characteristics

The quotation is based on the market price in 2017 in
China:

* Cost of magnetic wedge: 0.8 ¥/50mm,;

* Cost of Non-magnetic wedge: 0.2 ¥/50mm;

The material costs, cogging torque and fill factor of
magnetic wedge, Non-magnetic wedge, and semi-closed
IPMSM model are listed in Table 3. The price of magnetic
wedge insert IPMSM is about 25% 22% higher than No-
magnetic wedge IPMSM and semi-closed IPMSM model
respectively. But cogging torque and fill factor of magnetic
wedge insert IPMSM were greatly reduced. Magnetic
wedge has great advantage over IPMSM in term of
reducing cogging torque and increasing fill factor.
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