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Abstract: Due to the solid rotor structure, High-Voltage Line-Start Solid Rotor Permanent Magnet
Synchronous Motor (HVLSSR-PMSM) operates with high rotor temperature rise. If the ventilation
path cannot take the rotor heat away in time, the rotor will overheat or even may led to the
thermal demagnetization for permanent magnet. Therefore, it is of great significance to study
the thermal issues of HVLSSR-PMSM. In the paper, the fluid field and temperature field of
a 315 kW, 6 kV HVLSSR-PMSM with air-cooled hybrid ventilation systems are investigated.
Firstly, the electromagnetic analysis of the machine is done by using the finite-element method,
the loss distributions then are obtained, which will be assigned as the heat source for thermal analysis.
Then, the three -dimensional (3-D) fluid thermal coupled mathematical model for thermal analysis of
HVLSSR-PMSM is established. The temperature field and the fluid flowing state of HVLSSR-PMSM
with single ventilation path air-cooled system are investigated by using the established 3D fluid
thermal coupled mathematical model. A dual ventilation path air-cooled system for HVLSSR-PMSM
is proposed to reduce the operating temperature rise. Then, the temperature field and fluid field of
HVLSSR-PMSM with dual ventilation system are analyzed by comparing with single ventilation
system. Moreover, the temperature experiments are carried out on the machine with dual ventilation
system to validate the accuracy of the established mathematical models. The results show that the
proposed dual ventilation path air-cooled system can effectively improve the thermal distribution of
HVLSSR-PMSM, whilst it can also reduce the working temperature rise of the machine.

Keywords: permanent magnet synchronous motor; line-start; solid rotor; three-dimensional fluid
thermal coupled model; air ventilation system

1. Introduction

The high -voltage line -start solid rotor permanent magnet synchronous motor (HVLSSR-PMSM)
has attracted much attention as a candidate for heavy duty applications such as pumps for cooling
system in power plants, large air compressor for mines, and fans, due to their inherent advantages of
high efficiency, high power factor, high starting torque, and low starting current [1,2]. In the actual
operation of solid rotor permanent magnet (PM) synchronous motor, the rotor eddy current loss is
considerably large. If the design of the air-cooled system structure is not reasonable, the stator and the
rotor may operate with a high temperature. Therefore, it is of great significance to study the ventilation
path air-cooled system in solid rotor PM machines to reduce the temperature rise and improve the
reliability and operation life.
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Scholars have done lots of research on starting and operating performance, ventilation system,
and thermal problems of the permanent magnet synchronous motors. The improvements of
PMSM performance have been studied in [3-11], which illustrated the synchronous process and
indicated the effective parameters to starting capability, such as inertia, load torque, supply voltage,
rotor eddy current loss, and rotor bar size. In [12], a composite rotor structure is proposed to
improve demagnetization capability of a high-speed PMSM, the performance is studied by using
the fluid-thermal coupling method. The determination of pole spacer materials for a high-speed
surface-mounted PMSM is made by Yuan W. in [13], which can be used to improve the rotor
temperature rise and thermal stress. Taking advantages of the small thermal resistance, the heat
pipes are installed in the connection joint between stator tooth root and shaft of an outer-rotor PMSM,
which is of little influence on the main magnetic path, whereas the heat generated in the windings
could be transferred to the heat pipe [14]. The thermal network methods have been studied in [15,16],
which are used to estimate the temperature of the permanent magnet motor quickly. To analyse
the cause of local irreversible demagnetization, the authors performed a parameter analysis of the
magnetic field based on the barrier width and magnet position considerably related to the magnetic
path using the finite-element method [17]. In [18-20], the fluid heat transfer method is used to calculate
the internal fluid flowing state and the temperature distributions of each component.

Although lots of achievements have been delivered by former researches, there are few cases that
focus on the large solid rotor PM machines, especially those with novel air cooling system investigated
via the fluid heat transfer coupled analysis. Furthermore, there is little research on the ventilation
system and the thermal problem of HVLSSR-PMSM. Therefore, in this paper, the thermal performance
of a 315 kW, 6 kV, 6-pole HVLSSR-PMSM is investigated. According to the physical structure of the
machine and the air-cooled system, the loss distributions of the machine is analyzed by using transient
electromagnetic field model. Then, the loss is assigned as the heat source for the thermal analyses.
The fluid thermal coupled mathematical model is established, then the fluid flowing state and thermal
field of HVLSSR-PMSM with single ventilation path is studied. In order to reduce the temperature
rise of the HVLSSR-PMSM, the dual air-cooled ventilation systems are presented and the fluid field
and thermal field are also investigated by comparing with that with single ventilation path. Moreover,
the temperature experiments are carried out on the machine with dual ventilation system to validate the
accuracy of the established mathematical models. The obtained results could provide a reliable basis for
the design of new cooling system for large solid rotor PM machines, as well as the methodology.

2. Basic Structure Description of High-Voltage Line-Start Solid Rotor Permanent Magnet
Synchronous Motor (HVLSSR-PMSM)

The basic design parameters of HVLSSR-PMSM are shown in Table 1.

Table 1. Design parameters of High-Voltage Line-Start Solid Rotor Permanent Magnet Synchronous
Motor (HVLSSR-PMSM).

Symbol Items Values and Unit
Py Rated Power 315 kW
Uy Rated Voltage 6000 V
Dy Stator outer diameter 670 mm
Di Stator inner diameter 460 mm

P No. Pole 6p

f Frequency 50 Hz
) Length of the air gap 4.2 mm
L Length of Core 550 mm
1y No. stator radial ventilation duct 6

by Width of stator radial ventilation duct 10 mm

HVLSSR-PMSM, high-voltage line-start solid rotor permanent magnet synchronous motor.
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The internal structure of HVLSSR-PMSM is as shown in Figure 1. The stator windings chose a
double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is
inserted between the permanent magnet and the shaft. Materials properties of each part of the motor
are as shown in Table 2.

Figure 1. Structural model of the High-Voltage Line-Start Solid Rotor Permanent Magnet Synchronous
Motor (HVLSSR-PMSM).

Table 2. Materials properties of each part of the motor.

Thermal Conductivity Thermal Conductivity

Number Component Material Number Component Material

(w/m-k) (w/m-k)
@ Shell baffle Aluminum alloy 163 Rotor cage Brass 115
Stator press Aluminum
@] plate Epoxy ©] Rotor wedge bronze 115
. . 0.22
® Stator baffle  nsulation board permanent NdFeB 8.949
magnet

Stator slot Magnetism .
® wedge © isolating Ring Aluminum 2024
@ Rotor baffle ®@ Rotor core Steel1020 57
[©) Stator winding Copper 398 ® Shaft Steel1045 163

Silicon

® Stator core lamination 60.8 - - -

Based on the literature [19], the 2D transient electromagnetic field mathematical model is
established, as shown in Figure 2.

Iy

Rotor slot wedge ———Solid rotor

——Bar

Permanent magnet “

Figure 2. 2D electromagnetic analysis model of HVLSSR-PMSM.

For the convenience of analysis, the following assumptions have been made to simplify the
solution procedure [18]:



Energies 2018, 11, 1343 4 0f 15

(1) The influences of displacement current and the skin effect of the stator windings are ignored.
As the dimension of single rectangle coil is 1.4 x 6.7 mm, which is smaller than the skin depth
9.3 mm (fundamental operating frequency 50 Hz) and 3.3 mm (harmonic frequency 400 Hz).
Thus, during the electromagnetic filed calculation, the proximity effects are ignored.

(2) Materials are anisotropy.

(3) The effects of temperature on the conductivity and permeability of the material are ignored.

By using the time-step finite element method (FEM), the established mathematical model of the
motor is solved. Once the calculations are done, the stator copper loss, the stator core loss, the eddy
current loss of solid rotor, bars, and permanent magnet are obtained as listed in Table 3.

Table 3. Losses of HVLSSR-PMSM (W).

Edd t L
Copper Loss Iron Loss Friction Loss y Current Loss
Solid Rotor  Rotor slot Wedge Solid Starting Permanent Magnet
Cage Bar
4389 5412 6866 2724 454 83 45

3. Calculation and Analysis of Fluid and Heat Transfer of HVLSSR-PMSM

Taking the obtained loss distributions of HVLSSR-PMSM as the heat source for thermal analysis,
the fluid thermal coupled calculation model is set up according to the heat transfer theories. Similar as
the electromagnetic field calculations, the fluid thermal coupled calculation model can be also solved
by using FEM.

3.1. Fundamental Assumptions

On the basis of satisfying the actual project, the following hypotheses are proposed:

(1) The influence of the buoyancy of cooling medium on fluid flowing is neglected.
(2) The air-cooled medium flow rate is far less than the sound velocity, so the fluid is treated as
incompressible fluid.

3.2. Mathematical Model

The flow of air in the motor needs to satisfy the energy conservation equation, mass conservation
equation, and momentum conservation equation. The mathematical equations of the fluid-thermal
coupling of the motor are shown as follows [1]:

—f + div(pu) =0

(a pu) div(puu) = div(pgradu) — 1; + Sy

(P 0) + div(puv) = div(¢pgradv) — + So 1)
(pw) + div(puw) = dzv(<pgradw) &L+ 5w

(at )y div(puT) = div(2gradT) + ST

where, p is mass density (kg/m?); u is the velocity vector; u, v, w are the velocity vector. P is pressure
(Pa); Sy, Su, Sw are the conservation of momentum of the generalized source term in x, y, z, direction,
respectively. St is the heat source, ¢ is the dynamic viscosity coefficient [kg/(m-s)], A is the thermal
conductivity [W/(m-K)], c is the specific heat [J/(kg-°C)], and T is the temperature (°C).
To calculate the flow of air in a turbulent state, the fluid flowing is calculated by the standard k—¢
model [1]:
{ : (0k) + div(pku) = div[(p + g—;)gmdk} + Gy — pe

. ’ (2)
(pe) + div(pue) = div[( + L)) + G1e£ Gy — Gaep’s
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where, k is the turbulent kinetic energy, ¢ is the diffusion factor, Gy is the turbulence dissipation rate,
G1¢, Gy are constants, and o and o are the Planck constants.

The fluid flowing in HVLSSR-PMSM is exactly complex because of the asymmetry of the
ventilation system and the rotor rotation effect. Therefore, it is necessary to establish a global
fluid thermal coupled calculation model to accurately calculate the flow rate of the motor and the
temperature distribution of each component. Considering the existing computer speed, the motor
and the cooler are modeled into two parts, as shown in Figure 3. Figure 3a is the cooler calculation
model, and Figure 3b is the motor calculation model. The temperature of the outer loop air inlet
and the outer loop air outlet can be measured. However, the temperature of the inner loop air
inlet is difficult to obtain by measurements. Therefore, the temperature of the inner loop air inlet is
determined by the temperature iteration calculation between the cooler calculation model and the
motor calculation model.

Figure 3. 3D fluid-thermal coupling calculation model for HVLSSR-PMSM: (a) cooler; (b) motor;
(c) Circumferential view of motor. 1-Out loop air inlet, 2-Out loop air outlet, 3-Inner loop air inlet of
cooler, 4-Inner loop air outlet of cooler, 5-Inner loop air outlet of motor, 6-Inner loop air inlet of motor,
a-Aluminum tubes, b-Stator radial duct, c-Shaft, d-Stator core, e-Stator winding, f-Shell.

In order to avoid the instability of the computation, structured grid is used in the model.
The hexahedron mesh is adopted for more than 90% in the model. The cells number is 4,466,880.
The calculation model is established by using software Gambit. The flow and temperature in the motor
are obtained from the CFD software Fluent (Fluent 14.5, ANSYS, Pittsburgh, PA, USA). The solving
domain of HVLSSR-PMSM is meshed, as shown in Figure 4.

(a) (b)

Figure 4. The solving domain mesh generation of HVLSSR-PMSM: (a) Stator mesh generation;
(b) Rotor mesh generation.



Energies 2018, 11, 1343 6 of 15

4. Analysis of Fluid Field and Temperature Field of HVLSSR-PMSM with Single Ventilation Path

4.1. The Effect of Single Ventilation Path on the Fluid Field of High-Voltage Line-Start Solid Rotor Permanent
Magnet Synchronous Motor (HVLSSR-PMSM)

The air-cooled hybrid ventilation systems of HVLSSR-PMSM with single ventilation path is
shown in Figure 5. The single ventilation path is composed of two cooling loops: the out cooling loop
and the inner cooling loop, as shown in Figure 5. In the out loop, the air enters into the cooler from
the out loop air inlet. Then the air that pushed by the centrifugal fan goes into the aluminum tubes,
by which the hot air in the inner loop is cooled. Finally, the warm air flows into the outside from out
loop air outlet. Whereas, for the inner cooling loop, the cooling air in the inner loop flows into the
motor from the inlet forced by the axial fan, and all the air passes the air gap, the stator radial ducts,
and the axial ducts located at stator back yoke. The heat generated within the motor components can
be taken away by the cooling air, and then the temperature of the cooling air will arise; finally, the heat
of high temperature cooling air will be transferred to the air in the out cooling loop.

In inner loop, the warm air in the outlet flows through the cooler and then flows back into the
motor inlet, and the cycle repeats.

= =Aluminum tubes

Out loop air outlet == = &= o _
D =)

=
=
=

“ ;: % orinner loop air outlet
Inner loop air inlet 7 s 7] «
Stator radial ventilation duct i] oty )r *
Air gap — WI' Ibut loop air inlet
T IS'\I-
Axial fan %@ [ H’H’H \}im mtiu ‘t’_ "‘w HH.W 0 m H@ J ~Centrifugal fan

:> { ":I'nner Ioop -} Out :I:ooE)':'

Figure 5. The air-cooled hybrid ventilation systems of HVLSSR-PMSM with single ventilation path.

According to the ventilation system structure of HVLSSR-PMSM with single ventilation path,
the inner loop wind resistance equivalent model of the motor including the axial fan and the cooler is
established, and then the air-flow equivalent network of the motor is solved. The boundary conditions
of the inlet and outlet of the motor are determined.

The boundary conditions of the calculation model of HVLSSR-PMSM with single ventilation path
are as follows:

(1) The inlet boundary conditions for a given mass flow inlet of the motor, whose mass flow
is 0.075 kg /s.

(2) The boundary conditions of the given pressure of the outlet of the motor, of which the ambient
pressure is 1 atm.

Based on the theories of the computational fluid dynamics, the finite volume method is
adopted to calculate the whole region 3D fluid-thermal coupled fields, both the fluid and the
temperature distributions inside the HVLSSR-PMSM are obtained by using established 3D fluid
thermal coupled model. According to the experimental environment, the ambient temperature is
set as 16 °C. Considering the structure of prototype, the cross-section A-B-C-D section in Figure 4 is
emphasized, and the fluid distribution in HVLSSR-PMSM with single ventilation path is shown in
Figure 6.
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Figure 6. Fluid distribution within cross-section A-B-C-D of the motor with single ventilation path.

The fluid velocity in Figure 6 is described as the composed vector of the axial velocity,
circumferential velocity, and the radial velocity. As seen from Figure 5, all the cooling air enters
the air gap, so that the wind velocity in the air gap is increased. The internal flow maximum velocity of
the motor is 17.2 m/s, which appears in the air gap corresponding to No. 4 stator radial ventilation duct.

In order to facilitate analysis, we assumed that the direction of fluid flowing from the stator teeth
to the stator back yoke belongs to the out-wind zone and those with fluid moving from the stator back
yoke to the stator teeth as the in-wind zone.

By viewing cross-section A-B-C-D in Figure 6, No. 1, No. 2, No. 3, and No. 4 stator radial
ventilation ducts pertain to the out-wind zone, and No. 5 and No. 6 stator radial ventilation ducts are
within the in-wind zone.

The exchange of the flow and the heat between air gap and stator yoke back axial ventilation
duct is realized by stator radial ventilation ducts. Meanwhile, the stator radial ventilation ducts are
also the main paths of the stator windings heat dissipation. The velocity and the temperature of the
fluid inside the stator radial ventilation ducts have a great influence on the temperature distribution of
the stator windings. To estimate their thermal effects, the radial flowing velocity of fluid of the stator
radial ventilation ducts are investigated. The average velocity of air in all circumference stator radial
ventilation ducts at the same radial positions is analyzed, and the changing trend of the radial flowing
velocity of fluid of the stator radial ventilation ducts are shown in Figure 7.

Stator slot wedge Stator tooth Stator tooth center line Sator yoke ~ Stator slot wedge Stator t?oth Stator tooth center line Stator yoke
¥ ¥
% ______ ' / -

2019 —=—No.1 stator radial ventilation duct| 507
18 —e—No.2 stator radial ventilation duct| 4.5
——No.3 stator radial ventilation duct| A& - —

1.6 —v—No.4 stator radial ventilation duct 401/ —*— No.5 stator radial ventilation duct
14 7354 \’&%\% —*— No.6 stator radial ventilation duct
w - v o
£ £ o
S124 =304 \)&,*W
© (%]

‘_é’ 1.04 % 254
[

> 0a ] >

E 0.8 B 2.04
=] =

S 0.6 /\,\ S 1.5
o vy y v [

0.4+ T 1.0 \

0.2 0s _M

0.0 001
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(a) (b)

Figure 7. The changing trend of the radial flowing velocity of fluid: (a) No. 1, No. 2, No. 3, No. 4 stator
radial ventilation duct; (b) No. 5, No. 6 stator radial ventilation duct.
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Figure 7a shows the air flowing into the stator radial ventilation ducts from the air gap. The fluid
velocity is larger and it changes obvious along radial direction of the machine because of the smaller
ventilation area of the stator teeth. The maximum flow velocity locates at the top of the stator tooth.
As the air goes further to the stator tooth root, the fluid velocity is almost linearly decreasing due to the
increasing area of the ventilation ducts. While the cooling air goes through the stator yoke, the flowing
velocity reduces rapidly.

The maximum velocity of flow in No. 1 stator radial ventilation duct is 1.81 m/s. The velocity
of flow decline to 1.3 m/s at the stator tooth root, and the velocity of flow at the yoke back is the
minimum, which is 0.13 m/s. The trends of fluid in No. 2, No. 3, and No. 4 stator radial ventilation
ducts are basically the same as that in No. 1 stator radial ventilation duct, but obviously different in
the velocity values. The maximum velocity of flow in No. 2, No. 3, and No. 4 stator radial ventilation
duct are 1.58 m/s, 1.31 m/s, and 0.72 m/s, respectively.

From Figure 7b, in the out-wind zone, the velocity of flow at the yoke back inlet is the lowest in
No. 6 stator radial ventilation duct, which is 0.08 m/s, and the velocity of flow rise to 2.39 m/s at the
tooth root. The velocity of flow in stator tooth region along radial direction increases dramatically,
and the maximum velocity reaches 4.31 m/s. The velocity of flow distribution of air in No. 5 stator
radial ventilation duct is similar to that air in No. 6 stator radial ventilation duct, in which the lowest
velocity of flow in the yoke back is 0.015 m/s, and the velocity of flow in tooth root region is 0.39 m/s.
The maximum velocity of flow in No. 5 stator radial ventilation duct is 0.76, which is located near
the wedge.

4.2. The Effect of Single Ventilation Path on the Temperature Field of HVLSSR-PMSM

The variation of the velocity of flow in the stator radial ventilation duct will directly affect the
temperature distribution of each component in the motor. By solving the 3D fluid thermal coupled
calculation model, the 3D temperature distribution of the components in the motor with single
ventilation path are obtained, as shown in Figure 8.

Axle stretch end

Temperature

(e)

Figure 8. Temperature distribution of each component in the motor with single ventilation path
air-cooled system: (a) motor; (b) Stator core; (c) Stator winding; (d) Rotor core; (e) Permanent magnet.

In Figure 8, the maximum temperature difference of HVLSSR-PMSM with single ventilation path
is 100 °C. The lowest temperature in the motor is 180 °C, which locates at the end windings that near
the fan end. The temperature of each component gradually increases from the fan end to the shaft end
in the axial direction. The highest temperature in the stator core is 270 °C, and the highest temperature
in the stator winding is 280 °C, but it is 230 °C for rotor core and permanent magnet.
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In this paper, the permanent magnet used for the machine is NdFeB (N35EH160), which has a
maximum temperature of 200 °C. The magnetic properties and demagnetization curves are illustrated
in Figure 9. The highest temperature of the permanent magnet in HVLSSR-PMSM with single
ventilation path is 230 °C, which has exceeded the maximum temperature for utilization. The highest
temperature could affect machine performance and even led to the thermal demagnetization for
permanent magnet.

Characteristic Units Min. | Typ.
Br, Residual Induction kGs 12.2 124
g (Tesla | 122 | 124
":5 Hcb, Coercivity kOe 11.5 12.3
& KA/m | 915 | 979
Z Hcj, Intrinsic Coercivity kOe 30 >28
?ﬂ kA/m 2387 | >2204
S | (BH)max, MGOe |35 38
Maximum Energy Product | kJ/m3 279 302
EEERESES '.‘ SR SR D S S I Reversible Temperature coefficients
-30 -28 -26 -24 22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 &(Br)(20°C-180C) %{C | / -0.1
H (kOe)
(a) (b)

Figure 9. The magnetic properties and demagnetization curves: (a) Demagnetization curves;
(b) Magnetic properties.

By testing the prototype of HVLSSR-PMSM with single ventilation path, the temperature rises
of stator and rotor in the motor are higher than the insulation material. Due to the large internal
wind resistance, the wind pressure provided by the axial flow fan cannot supply sufficient cooling air
flowing velocity. Meanwhile, the air amount inside the motor is less and the cooling channel design is
unreasonable, so that the air cooling system cannot effectively reduce the temperature rise in motor.

Therefore, the air-cooled ventilation systems with single ventilation path is optimized to a dual
ventilation path.

5. Analysis of Fluid Field and Temperature Field of HVLSSR-PMSM with Dual Ventilation Path

5.1. The Effect of Dual Ventilation Path on the Fluid Field of HVLSSR-PMSM

The above analysis shows that the stator and rotor of HVLSSR-PMSM with single ventilation
path have higher temperature. In order to reduce the temperature rise and improve the internal
fluid flow unreasonable situation of the motor, the air-cooled system is changed to dual ventilation
path. In the new optimized ventilation system, the axial throughout ducts are added to stator back
yoke, as shown in Figure 10. Based on the thermal network calculation model above, modifications to
deal with the new yoke back ducts are performed. Due to the change of wind resistances inside the
motor, the air amount inside the motor is changed. Therefore, the wind resistance equivalent model of
HVLSSR-PMSM with dual ventilation path is obtained and solved, and the flow rate of inner loop air
inlet is determined.

The boundary conditions of the calculation model of HVLSSR-PMSM with dual ventilation path
are as follows:

(1) The inlet boundary conditions for a given mass flow inlet of the motor, whose mass flow
is 0.4 kg/s.

(2) The boundary conditions of the given pressure of the outlet of the motor, of which the ambient
pressure is 1 atm.
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The air-cooled hybrid ventilation systems of HVLSSR-PMSM with dual ventilation path is shown
in Figure 10.

Out loop air outletf—FE ==L G =y Aluminum tubes

-— — 7
Inner loop air inle M /‘u’:' A . nner loop air outlet
Stator radial ventilation duct W‘”““H‘“""H 'H“““H”””H‘”HH”H”H + | Out loop air inlet
Air gap *
|+
Axialfen S T HH”H“W I Centrifugal fan
L e e

= Inner loop=)> Out loop

Figure 10. The air-cooled hybrid ventilation systems of HVLSSR-PMSM with dual ventilation path.

It shows that the cold air from the inner loop air inlet into the motor is divided into two parts.
One part of air enters into the air gap, and the other cooling air enters the stator axial ventilation
duct. The internal flow maximum velocity of the motor is 17.4 m/s, which appears in the air gap
corresponding to No. 2 stator radial ventilation duct. The fluid distribution within the cross-section
A-B-C-D of the fluid distribution of HVLSSR-PMSM with dual ventilation path is shown in Figure 11.

Stator radial ventilation duct

Figure 11. Cross-section A-B-C-D of fluid distribution in the motor with dual ventilation path
air-cooled system.

As shown in Figure 11, No. 1, No. 2, and No. 3 stator radial ventilation ducts pertain to the
out-wind zone, and No. 4, No. 5, and No. 6 stator radial ventilation duct pertain to in-wind zone.

The flow velocities of fluid in stator radial ventilation ducts vary greatly after the change of
ventilation path. The average velocity of air in all circumference stator radial ventilation ducts at the
same radial positions is investigated, and the changing trend of the radial flowing velocity of fluid of
the stator radial ventilation ducts of HVLSSR-PMSM with dual ventilation path are shown in Figure 12.
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Figure 12. The changing trend of the radial flowing velocity of fluid of HVLSSR-PMSM with dual
ventilation path: (a) No. 1, No. 2, No. 3 stator radial ventilation duct; (b) No. 4, No. 5, No. 6 stator
radial ventilation duct.

In Figure 12a, No. 1, No. 2, and No. 3 stator radial ventilation ducts belong to the out-wind
zone. The maximum fluid flowing velocity locates near the top of the stator tooth. The maximum fluid
flowing velocity in No. 1 stator radial ventilation duct is 1.69 m/s. The velocity of flow decline
to 1.2 m/s at the stator tooth root, and the velocity of flow at the yoke back is the minimum,
which is 0.4 m/s. The maximum fluid flowing in No. 2 stator radial ventilation duct is 1.3 m/s,
and it is about 0.6 m/s for fluid in No. 3 stator radial ventilation duct.

By comparing the fluid velocity in No. 1, No. 2, and the No. 3 stator radial ventilation duct,
it can be seen that the fluid flowing velocity in No. 1 stator radial ventilation duct is the largest one,
which indicates that the heat dissipation effect is relatively well cooled.

In Figure 12b, No. 4, No. 5, and No. 6 stator radial ventilation ducts belong to the out-wind zone.
In the stator radial ventilation duct tooth region, as the ventilation area becomes smaller, the flow
velocity increases gradually. The maximum fluid flowing velocity appears at in the top of the stator
tooth. It has the smallest velocity in No. 4 stator radial ventilation duct, and the maximum fluid
flowing velocity is only 0.5 m/s.

The lowest fluid flowing velocity in No. 5 stator radial ventilation duct is 0.3 m/s, located in the
yoke back inlet, and the flow velocity rises to 1 m/s at the tooth root. The flow velocity in stator tooth
region along radial direction increased and the maximum fluid flowing velocity is up to 1.45 m/s.
The fluid flowing velocity distribution of air in No. 6 stator radial ventilation duct is similar to the
air in No. 5 stator radial ventilation duct. The lowest fluid flowing velocity in No. 6 stator radial
ventilation duct is 0.5 m/s, the fluid flowing velocity in tooth root region is 2 m/s, and the maximum
fluid flowing velocity near the stator slot wedge is 3.63 m/s.

The fluid flowing velocity in No. 6 stator radial ventilation duct is the largest of those in all stator
radial ventilation duct. The fluid flowing velocity in No. 1 stator radial ventilation duct which is close
to the fan end is lower than that fluid flowing velocity in No. 6 stator radial ventilation duct, so that
the lowest temperature locates at this region. On the contrary, the fluid flowing velocity in No. 4 stator
radial ventilation duct is less than that of other stator radial ventilation ducts.

According to the calculation results of fluid field, the air volume of air gap inlet, air gap outlet, and
the stator axial ventilation duct inlet and outlet are obtained. The air amount is as shown in Table 4.
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Table 4. The air amount in the motor.

Motor Internal Fluid Passages Air Gap Stator Axial Ventilation Duct
Inlet Outlet Inlet Outlet
Air amount 11.17% 12.27% 88.83% 87.73%

It can be seen in the Table 4 that the air account of flow into the stator axial ventilation duct is
about eight times of that to the air amount of entering the air gap. It is because that the stator axial
ventilation duct inlet area, which is larger than the air gap inlet area. In addition, due to the rotating
of rotor, some circumferential fluid pressure is generated in air gap, which prevents the entering of
cooling air in some case.

In addition, the air amount of air gap outlet is 12.27%, is 1.1% larger than that of air gap inlet.
Some of the air in the stator axial ventilation duct enters the air gap. However, the sum of the flow
rate at the inlet of the air gap and stator axial ventilation duct equals to the sum of the flow rate at the
outlet of the air gap and stator axial ventilation duct.

5.2. The Effect of Dual Ventilation Path on the Temperature Field of HVLSSR-PMSM

The air-cooled effects of HVLSSR-PMSM are related to the stator axial ventilation ducts, stator radial
ventilation ducts, the cooling air volume, and its velocity in air gap. By using the same method, the 3D
fluid-thermal coupled calculation model is solved. The three-dimensional temperature distribution of
the components in the motor with dual air air-cooled system are obtained, as shown in Figure 13.

Axle stretch end

(d) (e)

Figure 13. Temperature distribution of each component in the motor with dual ventilation path
air-cooled system: (a) motor; (b) Stator core; (c) Stator winding; (d) Rotor core; (e) Permanent magnet.

As shown in Figure 13, the maximum axial temperature difference of HVLSSR-PMSM with dual
ventilation path is 74 °C. The lowest temperature in the motor is 105 °C, which is located at the
windings end near the fan end. The temperatures of each component gradually increased from the fan
end to the shaft end in the axial direction. The highest temperature in the stator core, stator windings,
rotor core, and permanent magnet are 155 °C, 150 °C, 179 °C, and 178 °C, respectively.

Six negative temperature coefficient (NTC) thermistors are embedded in the prototype of
HVLSSR-PMSM, and the practical test rig and facilities are shown in Figure 14. At the temperature
measurement locations, the experimental temperature values are compared with the simulation dates,
as shown in Table 5.
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To measure the end windings temperature, one temperature sensor is embedded at the fan end
windings and the other temperature sensor is embedded at axle stretch end windings. The experimental
and simulation results of temperature in end windings are shown in Table 6.

Table 5. Comparison of temperature data of permanent magnet.

Measuring Location Experimental Result Simulation Result Error (%)
Py 144 150 4
P, 181 176 2.8
P3 176 171 2.9
Py 142 154 7.7
Ps 168 169 0.5
Pg 169 170 0.58

Load machine Cou li Test HVLSSR—PI\‘[S
‘ ] i

Test HVLSSR-PMSM
Stator

CoEpling §P1’47 P25 a) 127
y Solid rotor

- ]

Shaft Bearing

Load machine

Solid ro?or

Figure 14. Experimental test bench (HVLSSR-PMSM).

Table 6. Comparison of temperature data of stator end windings (°C).

Simulation Result

Measured Position Experimental Result
Maximum Average
end windings at the fan end 115 140 122
end windings at the axle stretch end 134 148 132

The reason for the different trend is that the position of the temperature measurement point may
be shifted at the time of installation, which leads to a slight difference between the calculated value the
measured value of the permanent magnet temperature.

However, it can be seen from Tables 5 and 6 that the calculated temperature of the permanent
magnet and end windings are close to the experimental result, which shows that the established
calculation model is in accordance with the actual situation and satisfies the requirements of
calculation accuracy.
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A comparison of Figures 8 and 13 indicates that the highest temperature of stator core,
stator windings, rotor core, and permanent magnet in HVLSSR-PMSM with dual ventilation path are
reduced by 115 °C, 130 °C, 51 °C, and 52 °C, respectively. It is shown that the temperature distribution
of the stator and rotor are obviously improved by the dual ventilation path cooling system.

6. Conclusions

In this paper, a 3D fluid thermal coupled model for HVLSSR-PMSM has been established.
The fluid field and temperature field in the motor with different ventilation systems are calculated.
The following conclusions could be obtained.

(1) Influenced by the air gap inlet area and the wind pressure of the fan, the air volume of
HVLSSR-PMSM with single ventilation path is relatively small so that the highest temperature
of stator core, stator windings, rotor core, and permanent magnet are 270 °C, 280 °C, 230 °C,
and 230 °C, respectively. The air-cooled hybrid ventilation systems of HVLSSR-PMSM with
single ventilation path is not reasonable. If the motor works in high temperature for a long time,
it will cause high temperature rise that could reduce the utilization life and the reliability, or even
cause the machine damaged.

(2)  While the internal air-cooled ventilation systems of single ventilation path are changed to the dual
ventilation path, the temperature of the stator core, stator winding, rotor core, and permanent
magnet decrease obviously, and the highest temperature of stator core, stator windings, rotor core,
and permanent magnet are reduced to 155 °C, 150 °C, 179 °C, and 178 °C, respectively.
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