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ABSTRACT This study facilitated the improvement of no-load back electromotive force (back-EMF) wave
form, total harmonic distortion (THD) of back-EMEF, and torque ripple using a novel skew angle formula,
considering the specific order of a no-load THD. In real usage environments, it is taken into consideration
for the fully enclosed cooling system and limited inverter switching frequency of urban railway car traction
motors. Since the most railway car traction motors use high-withstand voltage rectangular wires in slot-
open structure, a no-load back EMF waveform includes large space slot harmonics, which should be smaller
as possible. For 6-step control, the no-load back EMF waveform is important because switching for motor
control is performed once after the rotor position is determined. To improve the no-load back EMF waveform
and THD, two-dimensional and three-dimensional finite element analysis (FEA) were performed using a
novel skew angle formula considering specific harmonic order reduction, while the fundamental amplitude
was minimally reduced. A prototype with the novel skew was fabricated and verified. In addition, it was
designed by calculating a low current density for a fully enclosed cooling system. A temperature saturation
experiment was also performed, and successfully verified. Therefore, we suggest that the no-load back EMF
characteristics and torque ripple are improved by applying the novel skew angle instead of a traditional skew
angle.

INDEX TERMS Current density, no-load back-electromagnetic force (EMF) wave, railway car traction

motors, skew angle, 6-step control.

I. INTRODUCTION

The global railway market is gradually increasing. There are
various railway systems, from low-speed railways operating
in cities to high-speed railways connecting countries. Trac-
tion motors, which are the most important technology in
railway systems, are classified into two: rotating motor type
and linear motor type [1]. The rotating motor type is most
commonly used in traditional railway, whereas the linear type
is applied to ultra-high speed maglevs [2], or mid-and-low
speed maglevs [3]. Rotating motors can be further classified
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into rigid-axle wheelset types that drive a wheel connected
to one shaft with a single motor and independently rotating
wheel types that control each wheel [4], [5]. Among the
different traction types of railway vehicles, a rotating motor
type with a rigid-axle wheelset structure is the most preferred
type.

In the case of railway car traction motors, many countries
require the reliability, stability, and high efficiency for rail-
way vehicle components [6]-[8]. Also, traction motors are a
considerably more environmental friendly system than com-
bustion engines because they cause less pollution [9]-[11].
Interior permanent magnet synchronous motors (IPMSMs)
are now being gradually expanded and used for traction of
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a railway car [12], [13]. The traction motor consumes the
most electricity in the railway system, which necessitates a
highly efficient motor to save energy [14]. The conventional
induction motor (IM) for railway car traction is equipped with
a semi-closed cooling system, which requires periodic main-
tenance, inspection, air ducts and an external fan [15]. The
IM is less costly and easier to manufacture than permanent
magnet synchronous motors (PMSM). However, it has the
disadvantage of a low starting torque and a slow response
rate, owing to its inherent dynamic characteristics. PMSM
is advantageous in terms of its quick response because it
has fast dynamic characteristics with high power density
and efficiency [11], [16], [17]. In addition, considering the
maintainability and reliability of the motor, a fully enclosed
cooling system is suitable and possesses excellent vibration
and noise characteristics [18]. Furthermore, a fully enclosed
cooling system has the advantage of low maintenance costs,
as it does not require periodic maintenance.

Yoke
Circle <« Square
Teeth shape Teeth| shape
wire wire
Shoe /Slot-open )
— N -

(a) (b)

FIGURE 1. Stator slot shape: (a) shoe type with circle shape wire
(b) slot-open type with square shape wire.

The PMSM controller requires rotor position information.
The switching frequency of the inverter must be such that it
switches at least 10 times within an electrical angle of the
motor. However, there is a limit to controlling the six-pole
traction motor using the space vector pulse width modula-
tion (SVPWM) method with the limited switching frequency
of the currently used inverter. In the case of switching at
least 10 times per electrical angle using the double sampling
method, the SVPWM can be applied for the six-pole traction
motor up to 3200 rpm. Therefore, a 6-step control is required.
In a 6-step control, only one switching is performed per
electrical angle, which requires accurate waveform of no-
load back electromotive force (EMF). If there is a difference
between voltage command values and the sensed voltage val-
ues according to the rotor position, the torque ripple becomes
severe. Hence, it is necessary to create the no-load back-EMF
waveform to resemble a sine wave by minimizing the total
harmonic distortion (THD) of the no-load back EMF as much
as possible. However, while using a square winding with a
high fill factor as shown in Fig. 1, the slot-open structure
must be utilized as it has a large slot harmonic component
and a large torque ripple. The torque ripple can be a source of
vibration and acoustic noise [19]-[23]. Vibration in railway
vehicles makes passengers uncomfortable [24]. Therefore,
for the traction motor, it is necessary to design the no-load
back-EMF and torque ripple as small as possible so that
passengers experience a comfortable ride [25]. One of the
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TABLE 1. Specification of a 140 kW IPMSM for a urban railway traction
motor.

Item Quantity Unit

Stator outer diameter 500 mm

Rotor outer diameter 300 mm

Stack length 220 mm

Magnet size (length/thickness) 32/12 mm
Magnet grade Sm,Coy;

Turns per slot 8 turn

Parallel branches 2 -
(Continui)rg;urte:t:;1 r/r(ler-lltlour rate) 116/170 Arms
Coil size 4x5.1 mm’

methods to reduce the no-load back EMF THD is to apply
a skew to the stator or rotor [26]. However, the skew also
reduces the magnitude of the fundamental amplitude, which
tends to decrease the motor power [27]. In this study, a novel
skew angle formula has been introduced, where the mag-
nitude of the fundamental amplitude decreases minimally.
Moreover, as the new skew angle formula considers a specific
harmonic order, it was confirmed that its reduction effect was
considerable.

However, the fully enclosed cooling system is disadvan-
tageous in terms of cooling performance, because outside
air is not circulated inside the motor. In order to prevent
an insulation breakdown, it is necessary for the motor to
self-regulate the amount of heat generated by it. Hence, it is
imperative to design the current density of the motor as low
as possible.

In this study, the design of a novel skew angle formula
that considers the controllability and fully enclosed cooling
system, were conducted through a 2-D and 3D finite element
analysis (FEA).

Il. ANALYSIS OF A NO-LOAD BACK EMF IN A
SLOT-OPEN STRUCTURE BASED ON THE USE OF
RECTANGULAR WINDING

A. SPECIFICATION OF AN URBAN RAILWAY TRACTION
MOTOR

The traction motor for urban railway cars is designed to
accommodate both empty cars and full load cars. Empty cars
have a continuous rate of power of 140 kW, for which the
required average torque is 610 Nm at 2200 rpm, where as a
full load car is a 1-hour rate of power of 210 kW, for which
the required average torque is 920 Nm at 2200 rpm. The
required torque at the continuous rated maximum speed is
280 Nm, whereas the required torque at the 1-hour rated max-
imum speed is 437 Nm. The maximum speed is 4810 rpm.
On application of a fully enclosed cooling system, the current
density was calculated to be 2.84 Arms/mm?. The design
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FIGURE 2. 140 kw IPMSM for urban railway traction motor: (a) 6-poles
and 54-slots with slot-open (b) No-load back EMF wave form at 2200 rpm
(c) THD of No-load phase back EMF.

parameters of a 140 kW IPMSM are shown in Table 1. A low
current density was derived, as most of the heat generated
from the motor was copper loss. Urban railway cars use a
7.07:1 reduction gear between the traction motor and the
wheels. If the rotational speed of motor was 2200 rpm, which
is also the rated speed, the vehicle speed was 48 km/h, and
when it rotated at 4810 rpm, the vehicle speed was 105 km/h.
The inverter frequency of the existing urban railway car is
800 Hz and the voltage is 1500 Vdc. The no-load back EMF
waveform is required to be close to the sine waveform to
secure controllability, as a 6-step control that requires accu-
rate switching timing based on the rotor position is required
after 3200 rpm, owing to limited switching frequency.

B. ANALYSIS OF NO-LOAD BACK EMF CHARACTERISTICS

Using a square winding has the advantage of increasing
power density with a high fill factor. However, the rectangular
winding needs a slot-open structure due to the manufacturing
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process. In other words, the width of the square wire should
be smaller than the width of the slot. If a rectangular winding
is used in the shoe structure as shown in Fig. 1(a), the hairpin
technology must be applied [28]. The space slot harmonic
component may not be large in case of an existing shoe shape
as shown in Fig. 1(a). Conversely, in the slot-open structure,
as there is no shoe part, and the slot opening is large, a very
large space slot harmonic component is created. This space
slot harmonic component is expressed by (1)

hy=ng+1 (n=1273..) (1

where & is the space slot harmonics, n is the order of har-
monics and g is the number of slot per pole pair.

Various space harmonic orders appear according to the
stator permeance change as rotor rotating. This space har-
monic component affects the magnetomotive force (MMF):
hence, the MMF including the space harmonic component is
represented as follows:

T vBm

1 4
Fp = — f(x)cosvhdd = — sin —— ()
b4 VI 2

-7
where F),, is the magnetomotive force, v is the harmonic order
and S is the short pitch angle.

According to (2), in order to minimize the space harmon-
ics included in the MMF, a short pitch should be applied.
However, there is a limit to reducing harmonics only by
applying short pitch winding. Fig. 2(a) shows the structure
of the 140 kW IPMSM with short pitch winding. As shown
in Fig. 2(b), it can be observed that the harmonic components
are large in the no-load back EMF waveform. As a result of
the FFT analysis as shown in Fig. 2(c), the 17th harmonic is
the largest. The fundamental magnitude of the no-load back
EMF is 410.0 V, whereas the THD of the no-load back EMF
is 20.8%. The THD is calculated as following:

_ \/ rms of back EMF? — rms of fundametal?
N rms of fundamental

THD

x 100%  (3)

If the 17" harmonic is reduced, then the THD component
of the no-load back EMF can be reduced, and the no-load
back EMF waveform can be generated closer to the sine wave.

IIl. INVESTIGATION OF THE NOVEL SKEW ANGLE FOR
THE SPECIFIC ORDER HARMONIC
The THD of no-load back EMF is related to a cogging torque
and torque ripple [29]. There exists a traditional method of
applying skew to the stator or rotor to reduce the no-load
back EMF THD. In the traditional skew application method,
the skew angle is calculated within one slot pitch angle.
If the skew angle exceeds one slot pitch, the motor output
decreases, and manufacturing becomes more difficult [30].
According to [31], [32], the traditional skew angle is derived
as (4).

2km

Oskew = N_L

k=1,2,3...] 4)
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FIGURE 3. Three dimensional model of rotor with 3-layers step novel
skew (a) front view (b) top view.
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FIGURE 4. Comparison of no-load back EMF characteristics according to
various skew angles at 2200 rpm: (a) Back EMF wave form (b) THD of no
load back EMF.

where g, is the skew angle and Ny is the least common
multiple of the number of slots and poles.

In this study, a novel skew angle concept has been intro-
duced to reduce harmonics of a specific order as follows:

" 360
n""THD x 6, =
Nstep
B
eskew_adjacent =
p
enovel_skew = ‘9m X (Nstep - 1) (5)

where 6, is the electrical angle, 6,, is the mechanical angle,
Onovel_adjacens 15 the skew angle with an adjacent stage,
Onovel_skew 1s the total novel skew angle and Ny, is the
number of step skew stages.

In (5), the left-hand side term of the first equation is
multiplied by the electric angle of the harmonic order to be
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reduced, and the right term is divided by the number of step
skew stages per rotor pole. The skew stages is divided to
calculate the skew angle with each skew stage; in this study,
three stages of step skew have been applied. The second line
in (5) shows a formula to calculate the novel skew angle with
the adjacent stage by dividing the electric angle by the number
of pole pairs. The last line in (5) is an equation for calculating
the total step skew angle.

This novel skew angle formula was created by considering
the electrical and mechanical angles with respect to reduction
in a specific harmonic order. As harmonics, cogging torque,
and torque ripple all possess periodicity, the novel skew
angle formula was derived from the relationship between the
electrical cycle and the harmonic order. The skew angle for
reducing the 17th harmonic was calculated; it was obtained
as 4.7 degree. If the skew angle is calculated using (4), it is
6.7 degrees, which is equal to the pitch of one slot. In this
study, a three-step skew was applied to the rotor to analyze
the output characteristics when the skew angle was 4.7 degree
as shown in Fig. 3. It is based on the second layer (reference
line), which is the d-axis, whereas the first layer and the third
layer were rotated by 2.35 degrees, respectively.

Applying the skew reduced the change in the reluctance
between the stator and the rotor, which in turn reduced the
spatial harmonics. Comparison of the no-load back EMF
characteristics and cogging torque characteristics according
to the skew angle of (4) and (5) is shown in Fig. 4. As a result
of applying the skew using (4), the waveform was enhanced,

15— Tpktopk W/0 skew : 14.9 Nm

ol — Tpkeopk W/ skew of (4) : 9.0 Nm
z = T kopk W/ novel skew of (5) : 2.4 Nm
=
= 5
]
=2
s 0
2
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s

-10

-15

Time
(a)
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:
g
2
5]
S
S
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==
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(b)
FIGURE 5. Comparison of cogging torque characteristics according to

various skew angle at 2200 rpm (a) Cogging torque wave form (b) THD of
cogging torque.
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no-load back EMF (line voltage) (c) Experimental result of no-load back
EMF (line voltage) with the novel skew (d) Experimental result of no-load
back EMF (line voltage) without skew.

and the 17th and 19th harmonics decreased compared to a
non-skew model. As a result of applying the skew according
to (5), the results obtained were much more improved than
in (4). In this regard, Fig. 5 shows the analysis results for the
cogging torque characteristics. The cogging torque harmonic
is related to the no-load back EMF harmonic. As shown
in Fig. 5(b), the 18th order of the cogging torque harmonic
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FIGURE 7. THD of no-load back EMF of non-skew and skew models.

is large because it was created by the 17th order 19th order of
no-load back EMF THD, as explained in (6).

> e
T — n=odd
W
Epl Eol
Tig = —— cos(18wt + 017) + —— cos(19wt + B19) (6)
@Om W

In (6), ¢, is the value of the n" no-load back EMF, which
is the same as the characteristic of the no-load back EMF
THD in Fig. 4(b). The no-load back EMF THD of the 17th
order rotates in the same direction as the fundamental wave,
whereas the no-load back EMF THD of the 19th order rotates
in the opposite direction to the fundamental wave. Therefore,
the 18th order torque ripple was reduced by offsetting each
other.

To summarize the description of the novel skew angle,
when the skew angle corresponding to one slot pitch was
applied, the cogging torque waveform and the 18th harmonic
of the cogging torque were relatively improved. More surpris-
ingly, as a result of applying the novel skew angle, the cogging
torque waveform was much improved as the 18th harmonic
of the cogging torque was significantly reduced.

A prototype model with the novel skew angle of 4.7 degree
was fabricated and an experiment was conducted. Fig. 6(a)
illustrates the 140 kW IPMSM experiment, dynamo system,
and the railway car inverter. Figs. 6(b) and 6(c) shows a com-
parison of the no-load back EMF waveform at 1000 rpm using
2-D and 3-D FEA and their experimental results, respectively.
No-load back EMF wave was measured in the experiment
of the prototype model without a skew angle, as shown in
Fig. 6(d). The maximum speed of the measuring equipment
was limited to 1000 rpm when measuring the no-load back
EMEF. On application of the novel skew angle, the no-load
line back EMF waveform was enhanced. In Fig. 6(b), the
graph lines are overlapped because there was no significant
difference between the 2-D and 3-D FEA results. In addi-
tion, the measured value of back EMF between the no-load
line through the experiment was about 230.4 Vline, and the
3-D FEA result was 232.2 Vline, showing an error of about
0.8%. The THD of the no-load back EMF based on the
novel skew angle application, as shown in Fig. 7. The THD
of the no-load back EMF decreased from 21.2% to 4.1%
(based on 3-D analysis). As a result, it was confirmed that
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the 17th and 19th harmonics decreased by 92.6%, respec-
tively. More importantly, even when the novel skew angle
was applied, the no-load fundamental voltage reduced min-
imally by approximately 0.9% from 191.4 Vph to 189.7 Vph,
indicating that reducing the motor output does not have a
substantial effect.

IV. ANALYSIS OF OUPUT CHARACTERISTICS

As aresult of analyzing the no-load back EMF characteristics
in the previous section, it was confirmed that by applying the
novel skew angle, the harmonics of a specific order are greatly
reduced, while the fundamental voltage is minimally reduced.
In the motor output characteristics, torque is a representative
index representing the output, and the results of analyzing the
torque with the application of the novel skew angle are shown
in Figs. 8 to 10. When the switching frequency of the inverter
of the railway car is limited to 800 Hz, SVPWM control is
enabled up to 3200 rpm. This creates the requirement for a
6-step control after 3200 rpm. Therefore, it was performed
with the current source, which conforms to SVPWM control
at the rated speed of 2200 rpm. Additionally, it was performed
with the voltage source in the same method as 6-step control

121410
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experiment.

at a maximum speed of 4810 rpm. In the SVPWM control,
the phase voltage limit was 779 Vph.

The FEA results of the continuous rated, and 1 hour rated
torque are shown in Fig. 8(a). After applying the novel skew
angle, the average torque at the continuous rated decreased
from 626.4 Nm to 620.4 Nm by approximately 6 Nm, based
on 2-D FEA. Average torque of 3-D FEA was 632.1 Nm.
The torque ripple decreased from 22.6% to 5.4% (2-D FEA)
and 7.4% (3-D FEA). The average torque without the novel
skew was 982.4 Nm at 1-hour rated condition; the average
torque with the novel skew angle was 972.6 Nm (2-D FEA)
and 982.3 Nm (3-D FEA). Fig. 8(b) shows the results of
the experiment under continuous rated condition, the average
torque here is 628 Nm.

Table 2 shows the results of comparison between the out-
put characteristics, before and after the application of the
novel skew angle. It can be observed that by applying the
novel skew angle, differences in inductance and saliency were
encountered. The core loss and solid loss were reduced due to
the reduced flux linkage; however, the efficiency of the motor
remained equal. Fig. 9 shows the results of the analysis of the
torque in the continuous rated condition based on the novel
skew. The average torque decreased slightly after applying
the novel skew, but the torque trend and maximum torque per
ampere (MTPA) point according to beta remained constant.
This may be caused by the reduction of only the space har-
monic components, while retaining the output characteristics.
Fig. 10 shows the experimental result rated by the torque
and power factor at 1-hour rated condition. The MTPA of
the 1-hour rated condition is 32 degree and the power factor
increased as the beta increased.

The average torque analysis result at the maximum speed is
shown in Fig. 11. The voltage source corresponding to 6-step
control was conducted at maximum speed. In the model with-
out the novel skew angle, the average torque was 302.4 Nm
and the torque ripple was 47.1%. Conversely, in the model
with the novel skew angle, the average torque was 296.7 Nm,
and the torque ripple was 32.6%, thus the novel skew angle
resulted in a reduced torque ripple.

The electric steel sheet used in the 140 kW IPMSM is
30PNF1600 and the yield stress point of the material is
416 MPa. As shown in Fig. 11(b), the maximum load stress
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TABLE 2. Output characteristics of 140 kW IPMSM for urban railway

traction motor.

TABLE 3. Mechanical analysis result of 140 kW IPMSM.

Item w/o skew model w/ novel skew model
Linkage flux 0.949 Wb 0.948 Wb
Inductance of L, 1.37166 mH 1.38051 mH
Inductance of L, 6.21635 mH 6.15368 mH
Saliency rate 4.53 4.46

Beta 35 degree 35 degree
Average Torque 627.0 Nm 623.8 Nm
Core loss 1267.3 W 1266.9 W
Solid loss 3LL1W 304 W
Copper loss 1097.9 W 1097.9 W
Efficiency 98.4% 98.4%

of the final model is 278.88 MPa, which satisfies the required
safety factor. Inner rib thickness acts as a key variable in
strength analysis. When the outer and inner ribs become
thicker, the safety factor improves, but the torque decreases
due to the increase in the leakage of magnetic flux. In order
to satisfy both the required torque and safety factor, the outer
and inner rib must be at least 2 mm and 3.6 mm, respectively.

For a fully enclosed cooling system, the heat generation
from copper loss is imminent. Copper loss can be expressed
as shown in (7).

l
Peopper loss = 312,0§ =3I°R (W] @)
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FIGURE 13. Mechanical analysis at 5770 rpm (a) key variable (b) result of
final model.

where, p is resistivity of winding, / is the length of winding
per phase and S is the area of the wire.

The current density was 2.84 Arms/mm?2. Furthermore,
the insulation class was manufactured based on a working
temperature of 200°C. The cooling performance of the motor
was dependent on the fan and internal structure of the hous-
ing. Fig. 12 shows the results of the temperature saturation
experiment. The temperature sensor was installed on the
stator winding, external stator core, and air. The ambient
temperature of the experimental environment was about 20°C
and the temperature saturation point was 154.5°C, resulting
in a suitable result for a fully enclosed cooling system.

As permanent magnets are embedded in the rotor core
of the IPMSM, the motor requires a design that prevents
permanent magnets from scattering during high-speed rota-
tion. In order to determine the presence of magnet scatter-
ing, mechanical analysis was performed under a condition
of 5770 rpm. As shown in Fig. 13, the scattering of the
magnets is determined based on the thickness of the outer
and inner ribs of the rotor. Table 3 summarizes the results of
the analysis of the average torque and the stress on the rotor
according to the thickness of the outer and inner rib.

The safety factor required for a railroad vehicle towing
motor is 1.5 and is calculated according to (8) [33].

Yield stress
Safety factor = —— ®)

Max. load stress

V. CONCLUSION

This study shows the design results of a traction motor in that
accommodate a fully enclosed cooling system and the limited
inverter switching frequency of urban railway cars. Most
traction motor uses a square winding with a great fill factor for
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high power density. However, as this type of winding requires
a slot-open structure, the slot harmonic characteristics are
considerably bad. Therefore, it adversely affects the THD
of the no-load back EMF characteristics and torque ripple.
A novel skew angle calculation method is proposed to reduce
the harmonic of a specific order by analyzing the THD of the
no-load back EMF.

In this study, the novel skew angle for reducing the 17th
harmonic that has the biggest magnitude among the har-
monics is 4.7 degree. The 2-D and 3-D FEA analysis was
conducted by applying a three-step step skew to the rotor.
As a result of applying the novel skew angle, the no-load
back EMF waveform was improved, the 17th harmonic was
reduced by 92.6%, and the torque ripple was also reduced by
67.3%, while the motor output minimally decreased. In order
to validate the novel skew angle formula, a prototype model
was fabricated by applying a fully enclosed cooling sys-
tem, and the output characteristics from the FEA were veri-
fied through an experiment. Finally, a temperature saturation
experiment was conducted that established that the tempera-
ture was saturated at 154.5°C. The cooling performance was
thus verified to be excellent in terms of reliability.
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