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Abstract: In this study, we present a thermal optimization method using the overall lumped parameter (LP) and
partial computational ﬂuid dynamics (CFD) modeling for a 600-kW permanent magnet traction motor developed for
high-speed trains. The motor is totally enclosed forced ventilated to achieve high power density, high eﬃciency, and
low maintenance requirements. Considering the electro-magnetic performance, bogie space, and thermal capacity,
we propose a ventilation structure with zigzag plates in sector cross-section. We focus particularly on the ventilation
channels and propose an overall LP model for thermal optimization, in which the full consideration of the inﬂuence
of turbulent ﬂow is given by using a partial CFD model. Given the speciﬁc critical parameters from the optimization
results, we present a complete 3D CFD model of the whole motor to obtain an accurate temperature distribution
and the maximum temperature rises in local points. The beneﬁt of zigzag plates is studied extensively using both
the LP and the complete CFD models and the results are veriﬁed by equivalent thermal experiments under rated
operations. Experimental results indicate that the ventilation structure fulﬁlls the normal operational demands of
high-speed trains by improving thermal performance by more than 15%. Additionally, we propose an engineering
method to estimate iron loss constraint with the complete CFD model to guide the control system design.
Key words: Computational ﬂuid dynamics (CFD); Lumped parameter (LP) model; Permanent magnet (PM)
synchronous motors; Totally enclosed forced ventilated motor
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1 Introduction
The annual electricity consumption of highspeed trains is extremely high, because of their heavy
loads and long working hours. Therefore, perma*
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nent magnet (PM) motors are particularly suitable
for high-speed trains owing to their superior power
density and eﬃciency, low noise, and low maintenance costs (Mademlis et al., 2004; El-Refaie et al.,
2006; Mizuno et al., 2013; Huang et al., 2015; Hao
et al., 2016). Over the last decades, the application of PM motors in rail vehicles has been extensive
(e.g. in France, Japan, Germany, and Canada). For
high-speed trains, PM motors with a totally enclosed
self-cooling structure were ﬁrst put into commercial
operation on automatic guided vehicle (AGV) Italo
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trains by the French company Alstom (Feng, 2012).
In this study, we develop a 600-kW PM traction motor (power density up to 1 kW/kg) for
Chinese high-speed rail trains. However, high-speed
trains push the electro-magnetic performance of traction motors to the extreme. Winding insulation
and PM materials are subjected to certain temperature limits, and thermal management becomes one
of the major challenges for designers. Compared
to the motors on AGV Italo, challenges are posed
to electro-magnetic and thermal design to reach the
same power density level with the smaller space of
CRH380A bogies. To achieve a low maintenance
cost and a long working life, a totally enclosed forced
ventilation (TEFV) structure is introduced to protect PMs from dust and iron ﬁlings.
Ventilation design of traction motors needs to
strike a balance between electro-magnetic and thermal performances. A good electro-magnetic design
will lead to a high power density while a good thermal design will be able to transfer losses to external
surfaces. The latter ensures that the temperatures
of winding and magnets do not surpass the insulation temperature limit and Curie point, respectively.
Given the space of the CRH380A bogie and speciﬁc
ventilation conditions (supplied by the train system),
we evaluate the thermal behavior of the motor in the
preliminary design and optimize ventilation channels
using a lumped parameter (LP) model assisted by a
partial computational ﬂuid dynamics (CFD) model
(Jungreuthmayer et al., 2011; Nategh et al., 2013;
Tan et al., 2015; Qian et al., 2016; He et al., 2017).
In the process of electro-magnetic design, the
geometric data of the permanent magnet motor are
speciﬁed. With these data and material properties,
the thermal parameters of the motor components can
be computed. The LP model is introduced to the
preliminary design and optimization of ventilation
channels because of its low computing requirements
with an acceptable accuracy for steady and transient analysis (Boglietti and Cavagnino, 2007; Kral
et al., 2008; Huang et al., 2009). In this model, heat
sources are computed by the electro-magnetic ﬁnite
element analysis (FEA). Normally, LP models are
built by dividing motors into ﬁnite control volumes
with thermal resistances and heat sources. In this
TEFV motor, the important resistances between the
stator and the housing determine the cooling performance of the ventilation channels. In the pro-
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cess of ventilation channel optimization, the particular coolant ﬂow conditions are not explicitly known.
Therefore, the CFD method is applied and a partial
CFD model of the ventilation channels is built to
simulate the ﬂow condition and compute convection
coeﬃcients for optimization (Ji et al., 2017).
CFD is based on the solution to the Reynoldsaveraged Navier-Stokes (RANS) equations, covering
the transfer of impulse conservation of mass and energy, as well as the transfer of turbulence energy
(Wesseling, 2001; Kral et al., 2009). By taking the
ﬂow state and energy into consideration, CFD can
help determine convection coeﬃcients, as well as predict the temperature distribution. The advantage
of CFD over the LP model is not only the inherent consideration of the coolant ﬂows and the actual heat transfer coeﬃcients, but also the results
of a 3D temperature distribution. This temperature
distribution makes a contribution in indicating the
maximum temperature points, which may lead to a
local failure of insulation or PM materials. Because
of the high computational eﬀort (Kral et al., 2009)
and complexity of overall 3D modeling, especially
the manual ﬁne mesh generation, the CFD method
is more attractive for precise ﬂow and temperature
simulation than thermal optimization.
In this study, zigzag plates, which bring a larger
coolant interface area as well as a more complex ﬂow
condition, are introduced to the ventilation channels.
To determine the critical parameters, the advantages
of both LP and CFD modeling are exploited. Particularly, an overall LP model coupled with a partial
CFD model is built for thermal analysis and optimization. The partial CFD model is used to simulate
the turbulent ﬂow condition and to calculate convection coeﬃcients inside ventilation channels. According to the calculated coeﬃcients, input parameters of
thermal resistances for the overall LP model are provided. Considering the thermal inﬂuence on the ﬂow
condition, convection coeﬃcients are re-calculated
by importing results of heat ﬂow from the overall
LP model into the partial CFD model. Thus, the
structure is ﬁnally settled and an overall CFD model
is built to acquire temperature distribution as well
as local points of the maximum temperature rise.
Simulation results are veriﬁed by experimental tests
under a rated operation and the beneﬁts of zigzag
plates are discussed. Moreover, the iron loss constraint is predicted by the proposed CFD model.

Chen et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)

880

2018 19(11):878-888

2 Optimization via the overall lumped
parameter and partial computational
ﬂuid dynamics model

Housing
Zigzag plate
Pillar
Stator

2.1 Original thermal design
A ventilation structure is built not only to ensure the normal operation of traction systems, but
also to leave enough safety for long-life operation for
high-speed railway applications. In this TEFV motor, ﬂuid areas are divided into two parts, including
air coolant and inner air (Fig. 1). The air coolant is
pumped into the front end-cap and pressed through
ventilation channels between the housing and the
stator, illustrated by the red line. Assisted by the
fan, inner air makes a contribution in enhancing convective heat transfer from end-winding to end-cap as
well as in reducing temperature diﬀerence between
rear and front components.
Ventilation channel

Housing

Rotor

th
Branch

θ 2 /2

θ1

θ2
θ 1 /2

h

θ

Stator air coolant

Inner air

Endcap

Endwinding

Fan

Bearing

Fig. 1 Sketch of the totally enclosed forced ventilation
motor and air coolant path. References to color refer
to the online version of this figure

Fig. 2 and Table 1 present the geometry and
general data of the TEFV PM motor, respectively.
Zigzag plates are marked in red in ventilation channels and critical parameters are pointed out. Working from the thermal design experience of motors at
the same level of power and power density from the
company South China South Railway (merged into
CRRC Corporation Limited in 2015), the number of
ventilation channels was determined as 16 with an
angle of 22.5◦ for each. Tests of the zigzag plate
design were carried out as follows: (1) Only two included angels of adjacent branches were assigned, deﬁned as θ1 and θ2 (Fig. 2); (2) All branches were designed to be of the same length, which makes the two
angles exclusive when the number of the branches
was determined. Table 2 presents three selected controllable parameters and their levels.
Since the inlet air coolant is supplied by the
ventilation system on carriages, the ﬂow condition is

Fig. 2 Design of ventilation channels and parameters.
References to color refer to the online version of this
figure
Table 1 Data of the totally enclosed forced ventilation motor
Parameter

Description

Rated power (kW)
Rated speed (r/min)
Stator outer diameter (mm)
Rotor outer diameter (mm)
Air-gap length (mm)
Stack length (mm)
Magnet segment thickness (mm)
Shaft diameter (mm)
Number of slots/poles
Number of strands per coil
Cooling type
Silicon steel
Angle of each channel, θ (◦ )
Number of ventilation channels

600
4200
500
316
2
260
16
80
54/6
8
TEFV
35WW300
22.5
16

Table 2 Controllable parameters and their levels
Factor

Parameter

1

2

3

4

5

A
B
C

n
h (mm)
th (mm)

6
13
1

7
14
2

8
15
3

9
–
–

10
–
–

n is the number of branches; th is the thickness of branches

speciﬁed as 35 m3 /min by volume and 3500 Pa by
pressure. With this volume rate of air coolant, the
Reynolds number near the inlet is about 1.9 × 105
according to Eq. (1), which indicates the existence
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of turbulent ﬂow:
Re =

4ρQ
ρvdφ
=
,
μ
μπdφ

(1)

where Re is the Reynolds number, ρ is the density
of air, dφ is the hydraulic diameter, v is the inlet
velocity, μ is the kinematic viscosity, and Q is the
volume-ﬂow.
2.2 Overall lumped parameter and partial
computational fluid dynamics model modeling
The zigzag plates were introduced to each channel to enhance convective heat transfer via larger
contact area and turbulent intensity. The unique
usage of zigzag plates combining with an annular
cavity in the front end-cap led to a complex calculation of convective heat transfers inside channels and
no analytical formulations could be found. Thus, the
convective heat transfer in ventilation channels was
discussed carefully based on a detailed LP model of
each channel coupling with a partial 3D CFD model.
Taking the advantage of low-demand computing, an overall LP model of the motor was implemented and solved using the software Matlab for the
zigzag plate design. Fig. 3 illustrates the overall LP
model, and the detailed LP modeling of one ventilation channel, which describes the convective heat
transfer from stator and housing to the air coolant
as well as conductive heat transfer from stator to
housing (Fig. 4). The abbreviations used in Figs. 3
and 4 are listed in Table 3. Copper losses PCu and
iron losses PFe were evaluated using the software
Maxwell, while mechanical losses were calculated by
empirical formulations. The estimation values were
5.88 kW, 5.16 kW, and 4.20 kW, respectively. The
iron losses consisted of stator loss 3.79 kW and rotor
loss 1.37 kW. Because of the TEFV structure, friction
losses of inner air and air coolant circulation were
neglected. Analytical formulations from Wei et al.
(1998), Wesseling (2001), and Micallef (2006) were
used to model the convective heat transfers from the
end-windings, shaft, and rotor to the end space. The
initial convective heat transfers from the stator housing to the air coolant in channels were equivalent to
parallel triangular ducts and modeled analytically
(Bergman et al., 1990; Wei et al., 1998), while those
precise transfers with zigzag plates for structure optimization were calculated using the coupled partial
CFD model described in the following paragraph.
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The thermal models of the remaining parts can be
found in (Mellor et al., 1991; Boglietti et al., 2008,
2009; Chowdhury and Baski, 2010; Nategh et al.,
2012).
The partial CFD model consisting of the front
end-cap, ventilation channels, and air coolant domains was proposed in the environment of the software Fluent to simulate the turbulent ﬂow condition and achieve convective coeﬃcients. The k-
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Fig. 3 Complete lumped parameter thermal model
of the totally enclosed forced ventilation motor. Bold
words represent temperature sensor locations in the
experimental setup, and the abbreviations are listed
in Table 3
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Fig. 4 Detailed lumped parameter model of heat
transfers in ventilation channel 1. The abbreviations
are listed in Table 3
Table 3 Abbreviations used in Figs. 3 and 4
Symbol

Description

Symbol

Description

[F]
S-Yk
Tth
Ec
Sl-Wl
E-Wdg
M-Pl
Brg
Clt
R-Sfe
PCu
Pmech

Front
Stator yoke
Tooth
End-cap
Slot wall
End-winding
Magnet pole
Bearing
Coolant
Rotor surface
Copper loss
Mechanical loss

[R]
R-Yk
Hs
Es
Wdg
Mgn
Zgg
Sht
Cnl
Plr
PFe

Rear
Rotor yoke
Housing
End space
Winding
Magnet
Zigzag plate
Shaft
Channel
Pillar
Iron loss
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re-normalization group (RNG) model was used in
this CFD model (Shih et al., 1995). The DarcyWeisbach equation was used for pressure drop and
the Darcy friction factor was obtained from the
Moody chart (Bergman et al., 1990). The CFD
model was ﬁnely meshed and ﬁve boundary layers were applied for air coolant domains to discuss
the boundary function. Fig. 5 shows an example
of air coolant mesh. The convective coeﬃcients,
which were relevant to the air ﬂow condition and
heat ﬂux in the ventilation channels, were calculated
using the software ANSYS Fluent. The formulations for coeﬃcient calculation are listed in Appendix
A. Fig. 6 demonstrates the coupling progress of the
LP and CFD models. First, ventilation convective
heat transfers were initialized as parallel triangular

Air coolant domain

ducts in the LP model. The results of initial temperature and heat ﬂux from stator to coolant were
then exported to the partial CFD model. Then the
calculated convective coeﬃcients attached to the air
coolant were extracted to a data ﬁle and served as an
input ﬁle for the LP model. Next, the newer results
were again exported to the CFD model as a loop until errors of the last two calculation results in the LP
model were less than 0.1 K.
2.3 Optimization results
To model all the 45 combinations according to
the levels of critical parameters (Table 2), a massive computing eﬀort could be involved. Therefore,
Taguchi methods were implemented to obtain a feasible combination of design parameters (Taguchi et al.,
2007). The Taguchi design (L50 (61 × 36 )) was adjusted to a simpliﬁed table of 15 cases by reducing
the six-level factor into ﬁve-level and picking the ﬁrst
two three-level factors. Table 4 presents the results
of pressure drop and temperature rises, where ΔP
is the pressure drop from inlet to outlet, and TPM
and Tend-w are the temperature rises in PMs and
end-windings, respectively.

Zigzag plate

Table 4 Data of parameter optimization

Fig. 5 Mesh of the air coolant area

Initialized convective
coefficients
Node
temperature
Overall LP model
Heat flux
Partial CFD model
Convective
coefficients
Overall LP model
Node temperature
No
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Difference less
than 0.1 K?
Yes
Output

Fig. 6 Coupling progress of the overall lumped parameter model and the partial computational fluid
dynamics model

Case

n

h
(mm)

th
(mm)

ΔP
(Pa)

TPM
(K)

Tend-w
(K)

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0
6
6
6
7
7
7
8
8
8
9
9
9
10
10
10

15
13
14
15
13
14
15
13
14
15
13
14
15
13
14
15

0
1
2
3
1
2
3
2
3
1
3
1
2
2
3
1

1640.80
2185.50
2237.08
2245.36
2307.96
2543.98
2517.48
3082.85
3166.64
2324.52
4094.44
2896.26
3014.65
3886.48
4647.95
3186.02

140.74
136.68
134.24
133.54
130.52
128.01
127.68
126.48
125.68
120.75
128.41
119.84
118.14
128.68
117.45
112.32

182.45
175.92
173.08
172.68
169.23
167.94
165.14
164.41
163.45
157.14
168.47
157.75
156.34
168.74
156.89
151.27

Case 0 is the original design without zigzag plates

Compared to the original design (case 0), the
introduction of zigzag plates has improved thermal
performance by decreasing temperature rises in both
PMs and end-windings. By analyzing results of temperature rises under the same n value, it is clear that
the thermal beneﬁt from the increasing h value is
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greater than that from the th value. Furthermore,
the beneﬁt from the increase of n value is greater
than both h and th.
The eﬀect of increasing the th value under the
speciﬁc n and h values could be either positive or
negative. Thicker branches make a contribution to
conductive heat transfer by increasing conductive
path areas and to turbulence intensity by decreasing
air coolant areas. Meanwhile, the decrease of contact
areas leads to an impressive inﬂuence on convective
heat transfer. The eﬀect of increasing the th value is
the comprehensive result of conductive and convective changes. Therefore, the optimal combination
for thermal performance should be the maximum n
and h values with a reasonable th value, which is the
situation for case 15 (Table 4).
By comparing the paired data of cases 2/3, 5/6,
7/8, and 11/12, it is found that thermal performance
could barely gain or may even lose beneﬁt from th.
Prediction could be made that the combination of
n = 10, h = 15, and th = 2/3 has a worse thermal performance compared to case 15. Furthermore,
the pressure drop of combinations with n > 10 is
clearly out of range according the analysis of cases
12–14. Finally, critical parameters are determined
as case 15. Compared to case 0 (the original design
without zigzag plates), the thermal performance is
improved by 20.19% and 17.09% for the magnets
and the end-windings, respectively.
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coolant domain). On the walls of the air coolant, a
number of layers of prismatic grid cells were used to
obtain a more accurate wall function (Fig. 5).
5. The concentrated winding in the slots was
simpliﬁed as tubes and wrapped with an insulating
frame, and only insulation varnish (Li et al., 2010)
was considered (Fig. 7).
6. The k- RNG model was used to evaluate the
ﬂuid dynamic and thermal behavior of the thermal
equilibrium under a rated operation.
7. Standard wall functions were used in the case
of turbulent ﬂow.
Among all kinds of loss sources, the copper
losses and iron losses were responsible for a large
proportion and were considered carefully in the CFD
model. Both kinds were pre-calculated by an electromagnetic model at the operating temperature T0 predicted by the LP model in Section 2. Since the copper losses were dependent on the actual temperature
of the windings, a user-deﬁned function (UDF) ﬁle
was compiled into the source term of copper zones
according to the heat source calculation:
q = q0 ·

A complete 3D CFD model of the TEFV motor
was implemented to obtain an accurate temperature
distribution of key components. The important aspects of the CFD model are listed below:
1. The friction losses of rotation were neglected.
2. A 50-mm vertical virtual tube of air coolant
before the inlet was built instead of the whole tube
from wind source to inlet.
3. The end-windings were simpliﬁed as two annular cylinders.
4. An unstructured grid was used because of
the complicated geometry of the motor (i.e. the air

1 + a(T − Tambient)
,
1 + a(T0 − Tambient)

(2)

where q0 is the volumetric heat source term at temperature T0 , a is the temperature coeﬃcient of copper, T is the actual volume-weighted temperature,
and Tambient is the ambient temperature.

3 Complete 3D computational ﬂuid
dynamics model and experimental
evaluation
3.1 Complete 3D computational fluid dynamics model
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Winding

Teeth

Teeth

Fig. 7 Arrangement and mesh of winding insulation

As iron losses were relevant to the supply frequency as well as the magnetic ﬂux densities, iron
losses of the stator and the rotor were apportioned
according to these values in respective regions (Mi
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et al., 2003). Under a rated operation, the iron losses
of the rotor were assumed to be uniform because of
the interior structure type. Meanwhile, the ﬂux density of the stator teeth varied dramatically in the radial direction and was very diﬀerent from the yoke.
On the basis of the ﬂux density, the teeth domain was
separated from the yoke and was divided equally into
two parts (Fig. 8).
The thermal behavior of case 0 and case 15 solutions was evaluated under a rated operation with
an ideal current supply and Fig. 9 shows the results
of the key temperature distribution at an ambient
of 303.15 K. Compared to the temperature limit of
the insulation system (493.15 K), the temperature
rises in the end-windings of case 0 and case 15 left
B (T)

1.60e+00
1.52e+00
1.44e+00
1.36e+00
1.28e+00
1.20e+00
1.12e+00
1.04e+00
9.60e-01
8.80e-01
8.00e-01
7.20e-01
6.40e-01
5.60e-01
4.80e-01
4.00e-01
3.20e-01
2.40e-01
1.60e-01
8.00e-02
0.00e+00
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5.73 K and 31.37 K safety margin, respectively. For
Sm30UH magnets (maximum operating temperature
573.15 K), the maximum temperature rises of case 0
and case 15 were far away from the limit. Although
both solutions met the requirements of a normal operation, the temperature in the end-winding of case 0
was expected to exceed the limit of the insulation system because of the extra iron losses from harmonics
with electronic devices.
3.2 Experimental evaluation
Tests were conducted by a twin drag system including the proposed PM motor and an induction
motor at the same power level (Fig. 10). Under thermal equivalent operation, the rotor of the traction
motor was driven to a rated speed by the induction
motor while the stator was excited with sinusoidal
currents at a rated value. Fig. 11 shows the mounting positions of thermocouples. Four thermocouples
were circumferentially uniformly installed on both
outer and inner layers of two end-windings, forming a temperature monitor net of 16 points. Four
circular-distributed thermocouples were mounted in
the middle of the stator. Data were sampled every

Fig. 8 Separation of the stator according to the magnetic flux density (B). References to color refer to
the online version of this figure
Temperature rise (K)
1.85e+02
1.76e+02
1.85e+02
1.76e+02
1.67e+02
1.67e+02
1.57e+02
1.57e+02
1.48e+02
1.48e+02
1.39e+02
1.39e+02
1.30e+02
1.20e+02
1.30e+02
1.11e+02
1.20e+02
1.02e+02
9.25e+01
1.11e+02
8.33e+01
1.02e+02
7.40e+01
9.25e+01
6.48e+01
5.55e+01
8.33e+01
4.63e+01
3.70e+01
7.40e+01
2.78e+01
6.48e+01
1.85e+01
9.25e+00
5.55e+01
0.00e+00
4.63e+01
3.70e+01
2.78e+01
1.85e+01
9.25e+00
0.00e+00

Fig. 10 Experimental setup of the twin drag system
5
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Fig. 9 Three-dimensional simulation results of temperature distribution of key components in motors:
(a) case 0; (b) case 15. References to color refer to
the online version of this figure

Fig. 11 Installation diagram of thermocouples. 1: air
outlet; 2 and 8: outer layer of end-winding; 3 and
9: inner layer of end-winding; 4 and 10: bearing; 5:
stator; 6: housing; 7: air inlet
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minute until the temperature diﬀerence was less than
0.5 K within a 30-min interval and Fig. 12 shows the
results.
End-winding (Case 0)
Stator (Case 0)
Bearing (Case 0)

200

Temperature rise (K)

26.44
23.91
20.23

50

0
0

60

120
Time (min)

180
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eﬁt of the optimized zigzag plates was greater than
15%.

4 Estimation of iron loss constraint

End-winding (Case 15)
Stator (Case 15)
Bearing (Case 15)

150

100
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180

Fig. 12 Experimental results of temperature rises of
key components in the totally enclosed forced ventilation motor under thermal equivalent operation with
a rated current

Table 5 presents the results of case 0 and case 15
under thermal equivalent operation. The maximum
values among the 16 points on end-windings and 2
points on bearings were marked respectively, while
the temperature rises of the stator were evaluated
by the average value. Assuming that the temperature change of the winding with natural cooling
was linear after shutdown, the winding resistance,
which varies linearly with the temperature of copper, was recorded for a period of time to estimate
the operational winding temperature by linear ﬁtting. According to the comparison (Table 5), both
the proposed LP model and complete CFD model
were veriﬁed by errors of less than 6%. Compared
to case 0, the temperature rises of case 15 in the
end-winding, stator, and bearing were decreased by
26.44 K (15.10%), 23.91 K (16.81%), and 20.23 K
(18.91%), respectively. It can be seen that the ben-

Through the thermal analysis by the CFD
model, the maximum temperature rise points at the
key components could be found and used to guide a
more accurate and eﬃcient online temperature monitoring (i.e. using fewer monitoring points). However, the temperature rises of rotational components
were diﬃcult to measure online. Using the validated
CFD model, the maximum temperature rises of PMs
could be estimated by analyzing the correlation between stator slots and PMs.
Although much work has been carried out on
iron loss prediction in this kind of interior permanent magnet synchronous motor, there are still no
precise methods to indicate iron losses with an inverter involved. In practice, the actual iron losses
would increase because of time harmonics caused by
semiconductor switching devices. Without considering the harmonic inﬂuence on iron losses, the results
from the LP and CFD models could be rather different from the working temperature. The thermal
behavior of the optimized motor driven by an inverter under the rated operation was evaluated by
tests and Fig. 13 illustrates the results. The steady
temperature rises of the end-winding, stator, and
bearing were 181.65 K, 139.67 K, and 106.55 K, respectively. The inﬂuence of harmonics on iron losses
led to an increase of 32.95 K for the end-windings.
Assuming that the temperature diﬀerence between
the end-windings and the PMs was the same as the
thermal equivalent operation, the maximum temperature rise of the PMs was estimated to be 140.57 K.
Given the material features of key components, the
normal operation at the rated power was guaranteed

Table 5 Temperature rises and benefits of key components under thermal equivalent operation
Component

End-winding

Winding

PM

Stator

Bearing

Case 0

LP (K)
CFD (K)
Measurement (K)

182.45
181.43
175.14

176.07
173.28
169.01

140.74
138.82
–

150.65
148.33
142.21

108.32
108.54
107.04

Case 15

LP (K)
CFD (K)
Measurement (K)

151.27
153.86
148.70

142.12
145.96
141.14

112.32
111.25
–

122.62
121.45
118.30

90.53
88.96
86.80

15.10

16.49

–

16.81

18.91

Beneﬁt (%)
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and there is still some safety margin for severe working conditions.
An engineering method was proposed to estimate the iron loss constraint by assuming that extra
harmonic iron losses in the stator yoke, stator teeth,
and rotor were proportional to the volume-weighted
average value of the ﬂux density. Using the complete CFD model, temperature rises of end-windings
and PMs under the rated current supply with different iron losses were evaluated and Fig. 14 shows
the results. Both correlations between temperature
rises and iron losses could be synthesized to a linear
equation. From the results in Figs. 13 and 14, the
iron loss under the rated traction operation was estimated to be 8.21 kW, while the measurement was
8.47 kW according to the standard IEC 60034 by the
loss separation test method. The high coherence indicated that the proposed approach could be used
200

Temperature rise (K)

End-winding
Bearing
Inlet

Stator
Outlet

150

100

50

0
0

60

120
Time (min)

180

180

Fig. 13 Experimental results of temperature rises of
key components in the totally enclosed forced ventilation motor driven with an inverter under the rated
traction operation
250
End-winding

as a reference for the electro-magnetic and control
system design.

5 Conclusions
Within the speciﬁcation limit of the CRH380A
bogie, zigzag plates were introduced to ventilation
channels of a 600-kW TEFV PM traction motor and
optimized using the overall LP model, in which detailed convective heat transfers were studied by the
coupled partial CFD model. The temperature distribution of the motor was simulated using the complete 3D CFD model.
Both models were veriﬁed by experimental tests
under the thermal equivalent operation with the
rated current. The optimized ventilation structure
ensures a normal operation of the traction motor
as well as improving the thermal performance by
more than 15%. This is of great signiﬁcance for
high-speed rail trains since the thermal performance
of motors has been pushed to the limit. Additionally, an engineering method was proposed on
the basis of the complete CFD model to estimate
the iron loss constraint that can be used as a reference for the electro-magnetic and control system
design.
The thermal analysis method using the overall LP with partial CFD modeling was proposed for
cooling structure optimization of TEFV machines or
water-cooling machines, in which the cooling structure can be extracted from the overall model for thermal coeﬃcient calculation.
Future research will focus on iron loss modeling and a more speciﬁc thermal model of the rotor.
Another research focus would be transient thermal
evaluation of the traction motors under severe operations like frequent start and continuous climbing.

y = 9.14x+106.61

200
Temperature rise (K)

Magnet
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Appendix A: Calculation of convective
coeﬃcients
In the partial CFD model, the convective coefﬁcients are calculated by
heﬀ =

ρcp u∗
D
,
− ∗
Tc∗
Tc (Tw − Tp )

(A1)

where cp is the speciﬁc heat, u∗ is the near-wall turbulence velocity scale, D is the viscous heating, Tc∗ is
the dimensionless law-of-the-wall temperature, Tw is
the temperature at wall, and Tp is the temperature
at wall-adjacent cell centroid.
For standard wall treatment, the parameters Tc∗
and D are modeled using the following composite
forms:
⎧
∗
⎨Pr y ∗ ,
y ∗ ≤ yT
,


(A2)
Tc∗ =
1
∗
⎩Prt
ln(Ey ∗ ) + P , y ∗ > yT
,
κ
⎧ ρu∗
∗
⎪
PrUP2 ,
y ∗ ≤ yT
,
⎨
2
D=
∗
⎪
⎩ ρu Pr U 2 + (Pr − Pr )U 2 , y ∗ > y ∗ ,
t P
t
c
T
2
(A3)
where P is computed by
P = 9.24 R3/4 − 1

is the dimensionless thermal sublayer thickness,
κ = 0.4187 is the von Kármám constant, E = 9.793
is the empirical constant, UP is the velocity at
wall-adjacent cell centroid, and Uc is the mean
∗
velocity magnitude at y ∗ = yT
.

Î




 

 

1 + 0.28 exp(−0.007R) ,
(A4)

with R = Pr/Prt (Pr is the molecular Prandtl
number and Prt is the turbulent Prandtl number),
∗
y ∗ is the dimensionless distance from wall, yT
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