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This paper concerns the fluid-thermal characteristics of a high-voltage line-start permanent magnet syn-
chronous motor (LSPMSM). A bidirectional hydraulic-thermal network coupling methodology is pro-
posed and applied to the fluid-thermal characteristics calculation. The proposed method can fully
account for fluid-thermal interactions to achieve an accurate prediction. According to the structural fea-
tures of the motor with axial and radial mixed ventilation cooling, the global hydraulic network is estab-
lished by connecting the local indenter elements and hydraulic resistances. The global thermal network is
established based on heat source distribution and heat transfer paths. The temperature rise of the motor
ranges from 45.8 K to 84.9 K. The hotspot appears at the lower end-winding on the drive side, and the
lowest temperature rise occurs on the nondrive side of the shaft. Moreover, the experimental platform
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is built to verify the accuracy of the proposed method, and the relative error is 2.2% and 2.9%.
© 2023 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

High-voltage line-start permanent magnet synchronous motors
(LSPMSM) are ideal drive motors for fan and pump loads due to
their superiority in efficiency, compactness, and convenience of
starting [1]. The continuous development of these application sce-
narios has brought about increased requirements for LSPMSM in
terms of speed, torque, and power. These requirements can be
achieved by raising the electromagnetic load of the motor. How-
ever, the losses generated in the motor also increase with the elec-
tromagnetic load, resulting in a high temperature rise inside the
motor. Excessive temperature rise will weaken the electromag-
netic performance and operational reliability of LSPMSM |[2].
Therefore, accurately predicting the fluid-thermal characteristics
is essential for a reliable motor design [3].

There are two mainstream methods for calculating motor fluid-
thermal characteristics: computational fluid mechanics (CFD) and
lumped parameter thermal network (LPTN). CFD can achieve accu-
rate and detailed fluid-thermal characteristics for the motor. How-
ever, it is much more demanding in terms of modeling and
calculation costs [4]. In contrast, the application of LPTN enables
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a quick fluid-thermal characteristics calculation [5]. By increasing
the number of nodes and thermal resistance of LPTN and improv-
ing the determination of crucial LPTN parameters, LPTN can also
achieve fluid-thermal characteristics calculation with high accu-
racy and detail. Therefore, more and more scholars are applying
LPTN for thermal analysis of the motor.

To date, many researches about the fluid-thermal characteris-
tics calculation have been performed based on LPTN [6-8]. The
convective heat transfer coefficients (CHTC) in existing research
are calculated mainly by empirical formulas [9,10]. It means that
the geometrical features of structures inside the motor, such as
the stator end winding, are not sufficiently considered when calcu-
lating the CHTC. In addition, the cooling fluid is usually simplified
as a node, and it is assumed that its temperature is constant
[11,12]. All the above treatments are not conducive to the
improvement of LPTN accuracy.

Many investigations have been conducted to provide a guide-
line for improving the accuracy of LPTN. It has been proven that
the calculated temperature distribution is closer to the actual situ-
ation when more nodes are established in the axial direction for
the cooling fluid [13]. It is also applicable to other structures, such
as windings [14]. Some literature has also discussed determining
CHTC for LPTN through new methods, such as the stepwise quad-
ratic specification method [15] and the hydraulic network method
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[16,17]. Moreover, more and more studies apply CFD to calculate
CHTC, especially for the fluid-solid interface with complex shapes
or intense heat exchange, such as the end-winding [18,19], air gap
[20,21] and hollow shaft [22]. However, applying CFD to calculate
CHTC is time-consuming.

In summary, although many studies have used LPTN to predict
motor temperature distributions, few studies have considered the
interaction between temperature and fluid fields when applying
LPTN for temperature prediction, or have not adequately considered.
Thus, the thermophysical properties of the air applied in the calcula-
tions deviate from the actual situation. It is difficult to accurately
predict the thermal behavior within the motor. In view of the above,
this paper proposes a method for calculating fluid-thermal charac-
teristics based on bidirectional hydraulic-thermal network cou-
pling. In terms of model building, the fluid nodes of the thermal
network model correspond to the branches of the hydraulic network
model. During the calculation, the model parameters of the hydrau-
lic and thermal networks are updated through the same fluid nodes
and branches in a continuous iterative process, which can take into
account the interaction between the fluid and temperature fields
and the changes in the thermophysical parameters of the air. The
bidirectional coupling analysis between the two models is realized.
This method enables fast and accurate prediction of the fluid-
thermal characteristics of the high-voltage LSPMSM. Furthermore,
the interaction between the fluid and temperature fields is fully con-
sidered in the calculation process.

The remainder of this paper is organized as follows. Firstly, the
methodology of this research is introduced, including the electro-
magnetic parameters and cooling arrangement of the prototype,
the construction of the hydraulic network and thermal network,
the coupling method between the two networks, and experimental
platform. Then, the fluid-thermal characteristics of the motor are
analyzed and discussed in detail and depth. Finally, compare the
calculated results with the experimental values to verify the accu-
racy of the calculated results.

2. Methodology
2.1. Description of the high-voltage LSPMSM

The prototype is an air-air cooled high-voltage LSPMSM with
axial and radial mixed ventilation. The cooling air flow path is
shown in Fig. 1(a). It can be seen that the path is divided into
two parts: the internal air path and the external air path. The inter-
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nal air path includes seven radial ventilation ducts and one cen-
trifugal fan at each side end. The external air path comprises
abundant cooling pipes and a centrifugal fan at the inlet of the
external air path.

Inside the motor, the main flow path of cooling air can be
divided into three parts. One passes through both the radial ven-
tilation ducts of the stator and rotor (marked a in Fig. 1(a)).
Another one passes through the air gap and the radial ventila-
tion ducts of the stator (marked b in Fig. 1(a)). The rest cools
the end-winding under the action of the centrifugal fan (marked
c in Fig. 1(a)). For the external air path, the centrifugal fan at the
inlet draws cold external air into the cooler. After that, the air
will take away the heat generated in the motor through the heat
exchange between the cooling pipe wall and the air in the inter-
nal air path.

The schematic diagram of the prototype structure is shown in
Fig. 1(b). Seven radial ventilation ducts divide the stator and rotor
core into eight sections. From the drive side to the nondrive side,
the core sections are numbered sequentially from 1 to 8, and the
radial ventilation ducts are numbered from 1 to 7. The basic
dimensions and performance parameters of the LSPMSM are listed
in Table 1.

2.2. Hydraulic network model

The following assumptions are made when constructing the
hydraulic network:

(1) Since the flow velocity of air is much smaller than the speed
of sound, less than Mach 0.3. So, air is considered as incom-
pressible fluid.

(2) Because complex three-dimensional flow phenomena, such
as vortices, are ignored, the flow studied is considered to
be one-dimensional pipe flow. Therefore, the flow rate
obtained is the average value over the cross-section of the
ventilation channels in the flow path.

(3) The effect of stator and rotor slotting is ignored to simplify
the stator and rotor core geometries. Simplify the inner sur-
face of the stator and the outer surface of the rotor as cylin-
drical surfaces to facilitate the fluid network modeling.

The hydraulic network model is established based on the conti-
nuity and Bernoulli equations. The pressure balance equation in
each circuit of the hydraulic network model is [23]:

Corc</

Radial ventilation
duct

Stator Rotor Shaft

Fig. 1. Prototype cooling arrangement and structure. (a) Cooling air flow path. (b) Prototype structure.
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Table 1

The basic dimensions and performance parameters of the LSPMSM.
Parameters Value Parameters Value
Rated power (kW) 280 Rated voltage (kV) 10
Rated Frequency (Hz) 50 Rated speed (rpm) 1500
Power factor 0.957 Efficiency (%) 96
Core length (mm) 380 Air gap thickness (mm) 2.5
Stator outer diameter (mm) 670 Stator inner diameter 423

(mm)
Width of radial ventilation 10 Number of radial 7
ducts (mm) ventilation ducts
Stator/Rotor slots number 60/52 Insulation degree H
Permanent magnet material N38UH Cage material H62
brass
m n 5
> pii=_ ZuQi (1)
j=1 k=1

where p;; is the pressure generated by the indenter element j in cir-
cuit i, Z;; is the hydraulic resistance of the branch k in circuit i, and
Q;; is the flow of the air of the branch k in circuit i.

Each circuit of the hydraulic network model has an indenter
element to offset the pressure drop loss, including frictional pres-
sure drop loss and local pressure drop loss. The indenter elements
of the motor include the centrifugal fan and rotor radial ventilation
duct steel. Due to the nonlinearity of hydraulic resistance, the
operating point of indenter elements is determined according to
the p-Q characteristic curves, as shown in Fig. 2(a). The relationship
between the indenter and the ratio of no-load static pressure and
maximum flow of short circuit is expressed by equation (2):

P=po[1-(Q/Qn)’] 2)

800-+[—— Centrifugal fan
- - - - Rotor radial ventilation

duct steel

600

1.04-(—— Sudden expansion
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where pg is the no-load static pressure, and Q,, is the maximum
short-circuit flow.

The frictional and local pressure drop losses can be equivalent
to the hydraulic resistance. The calculation formula for hydraulic
resistance is given by (3):

1Y
Zl.k CZAZ
where ( is the resistance coefficient, p is the fluid density, and A is
the cross-sectional area.

According to the cause of pressure loss, hydraulic resistance can
be divided into friction pressure drop hydraulic resistance and
local pressure drop hydraulic resistance. The resistance coefficients
of the two hydraulic resistances are determined in different ways.
The frictional resistance coefficient is related to the flow regime of
the air and the roughness of the pipeline. The former is determined
by the Reynolds number:

3)

_ vde
)

Re

(4)

where v is the cooling air flow rate, d. is the equivalent diameter of
the branch ventilation duct, v is the kinematic viscosity of air. The
air in the motor is in a turbulent state, and the calculation formula
of the frictional resistance coefficient is:

{=1.42[lg(Re - (de/¢))] > (5)

where ¢ is the roughness of the ventilation duct.

Unlike the frictional resistance coefficient, the local resistance
coefficient is related to the flow regime and the change in pipe
shape. The common local resistance coefficients of the motor are
caused by sudden expansion, sudden reduction, and pipe bending,
as shown in Fig. 2(b). Formulas (6)-(7) explain the relationship
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Fig. 2. Hydraulic network construction and model. (a) Indenter element p-Q characteristic curves. (b) Variation of local resistance coefficient with section area ratio. (c)

Variation of local resistance coefficient with d./r. (d) Hydraulic network model.
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between the local resistance coefficient and the area change rate.
When A, is infinite, the outlet resistance coefficient can be
obtained as 1, and when A; is infinite, the inlet resistance coeffi-
cient can be obtained as 0.5.

= [1- (A/Ay) (6)

(=05(1-A/A1) (7)

Formula (8) explains the relationship between the local resis-
tance coefficient and pipe curvature. The common local resistance
coefficient of the motor is caused by right-angle bending, as shown
in Fig. 2(c).

{ = (0.031+0.163(d./r)*®) - (6/90) (8)

where d, is the diameter of the ventilation duct, r is the curvature
diameter of ventilation duct, and 0 is the corner of the ventilation
duct.

Since the internal and external air paths are not connected, their
hydraulic network models are independent. According to the inter-
nal and external air paths displayed in Fig. 1(a), the local hydraulic
network model is constructed by connecting the indenter element
in each region with the hydraulic resistance. Then, each local
hydraulic network model is connected to form the global hydraulic
network model.

The global hydraulic network model of the motor is shown in
Fig. 2(d). Zones 1-4 represent the external air path, the internal
air path in the cooler, the internal air path in the end region, and
the internal air path in the active region of the motor, respectively.
The component subscript for zones 1-3 consists of two parts. The
former represents the zone number, and the latter represents the
serial number of the component. For the component in zone 4,
the subscript consists of three parts. The first represents the posi-
tion, where subscript a is the axial ventilation ducts, subscript b is
the air gap, and subscript c is the radial ventilation ducts. The sec-
ond represents the number of axial locations. The subscripts of the
air gap and axial ventilation ducts of the rotor range from 1 to 8,
and the subscripts of the radial ventilation ducts of the rotor and
stator range from 1 to 7. The last is the same as zones 1-3 and rep-
resents the serial number of the component. In addition, the
hydraulic resistance caused by different reasons is distinguished
by colors. Orange represents inlet hydraulic resistances, red repre-
sents outlet hydraulic resistances, green represents bending
hydraulic resistances, blue represents hydraulic resistances across
the cylinder, and gray represents frictional hydraulic resistances.

Take zone 1 as an example. Outside air enters zone 1 by the
action of the centrifugal fan (P; ;). Since the area suddenly becomes
smaller and then suddenly becomes larger, it generates inlet pres-
sure drop loss and outlet pressure drop loss, which are equivalent
to hydraulic resistance Z; ;. Then, under the action of the air guide
plate, the flow direction of air changes, resulting in bending pres-
sure drop loss Z; ,. The zone of cooling pipes is divided into four
parts according to the number of the baffle plates. The inlet pres-
sure drop occurs when air enters the cooling pipe Z; 3, and the out-
let pressure drop occurs when the cooling air leaves the cooling
pipe Zi6. Z14 and Z; 5 represent the frictional loss along with the
flow in the cooling pipe. Eventually, air returns to the outside, so
the hydraulic network of the external cooling path forms a closed
loop. Other zones are similar and will not be repeated.

2.3. Thermal network model

The following assumptions are made when constructing the
thermal network:
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(1) The magnitude of the radial and axial thermal resistance
does not vary with the heat flow distribution, but only
affected by the average temperature in the region.

(2) Radiant heat transfer is not considered. Only heat conduc-
tion between solid parts and convective heat transfer at
the fluid-solid interface are considered.

(3) Each contact surface is in good contact. The influence of con-
tact thermal resistance is ignored.

(4) The losses generated in the motor are evenly distributed and
are all dissipated to the outside through the cooler.

According to the law of thermodynamics and energy conserva-
tion, all nodes of the thermal network model satisfy the equation:
Tij — Tio

n
Qi:ZT'f‘q)i C))
= R

where g; is the heat flowing out of the node i, T;; is the temperature
of the node adjacent to node i, T;p is the temperature of the node i,
Rij is the thermal resistance between the node i and the adjacent
node, and @; is the heat source of the node i.

Nodes in the thermal network model can be divided into active
nodes and passive nodes. The active nodes are also divided into
two types. One is the solid node in the loss-generating region,
whose heat source is the equivalent heat flow source of the sum
of losses in the region. The other one is the fluid node that absorbs
heat, whose heat source is the heat pressure source that takes the
influence of heat absorption on the adjacent fluid node into
account. The heat pressure source can be calculated using the fol-
lowing formula:

AT = 2P (9)
c.Q
where AT is the temperature change of air, Y P is the heat absorbed
by air, ¢, is the specific heat capacity of air, and Q is the flow of air.
The heat transfer mode in the motor is mainly conduction and
convection heat transfer. Heat conduction occurs between solid
components, and convective heat transfer appears at the fluid-
solid interface. The corresponding thermal resistance calculation
formula is:

(1A
Ri={; P (10

where [ is the effective length of the heat transfer path, S is the
effective area of the heat transfer path, /s is the thermal conductiv-
ity of the solid, and « is the convective heat transfer coefficient.

/'L .
o =" Nu (11)

L
where A, is the thermal conductivity of air, L is the characteristic
size, and Nu is the Nusselt number.

The equation for the Nusselt number is as follows [24]:

Nu = 0.023Re8pr04 (12)

where Pr is the Prandtl number.

For the airflow in the air gap, the axial velocity component of
the air in the air gap can be obtained through the hydraulic net-
work model. The rotational motion of the rotor makes the air in
the air gap have circumferential velocity component. The magni-
tude of the circumferential velocity component is related to the
rotor speed. The air velocity in the air gap can be obtained by com-
bining the axial velocity component and the circumferential veloc-
ity component. On this basis, the convective heat transfer
coefficient of each surface in the air gap can be calculated, and
the value of convective thermal resistance can be determined.



Y. Xu, Z. Xu, Y. Meng et al.

The basic geometric shapes used in motors include hollow
cylinders and flat plates. The equivalent thermal model of the hol-
low cylinder is shown in Fig. 3(a), and the thermal resistance cal-
culation formulas are as follows:

Ral = RaZ = % m
—_1 Iptn
Ry = 557 I (13)

_ 1 2ry
12 = 27,1 T+1q

R

where R,1, Ry are the thermal resistances of axial heat conduction,
/4 is the axial thermal conductivity of materials, R;1, R, are the ther-
mal resistances of radial heat conduction, and /. is the radial ther-
mal conductivity of materials.

The equivalent thermal model of the flat plate structure is
shown in Fig. 3(b), and the calculation formulas of thermal resis-
tance are as follows:

Ral :RAZ =1

27ahw
Rcl = RcZ = Z;th (14)
er = Rr2 = 2},}:wl

where R., R> are the thermal resistances of circumferential heat
conduction, /. is the circumferential thermal conductivity of
materials.

A complete representation of the individual conductors and sur-
rounding insulation material would add significant complexity to
the thermal network model. Therefore, based on the principle of
constant cross-sectional area, the multiple conductors are simpli-
fied to a single conductor, and the multi-layer insulation is simpli-
fied to a single layer, as shown in Fig. 3(c). Moreover, the
equivalent thermal conductivity is calculated [25].

Due to the radial asymmetry of the permanent magnet (PM)
arrangement, it is much more complex to model the PM and rotor
core yoke. To simplify the thermal network model, it is necessary
to make an equivalent operation for PM. The premise of equiva-
lence is that the radial heat transfer coefficients of the PM and
the rotor core are close, and the heat source is not considered in
PM and the rotor core yoke. On this basis, PM with the rectangular
cross-section is equivalent to the circular cross-section according
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thickness of PM are constant. The rotor structure before and after
equivalence is shown in Fig. 3(d). Because of the small width of
the magnetic bridge, the heat transfer between the outer yoke
and the inner yoke of the rotor core is ignored. The physical prop-
erties of the materials involved are listed in Table 2.

In order to realize the coupling calculation with the hydraulic
network, the fluid nodes of the thermal network model should cor-
respond to the branches of the hydraulic network. Therefore, the
fluid nodes of the thermal network model correspond to the
branches of the internal and external hydraulic network models
constructed in Section 2.2.

According to the heat transfer path and loss distribution, the
local thermal network models of each solid region are constructed.
Then, the local thermal network models of each solid region are
connected through the fluid nodes to form the global thermal net-
work model according to the flow paths of the internal and exter-
nal air paths.

The global thermal network model of the motor is shown in
Fig. 4. The thermal network model is divided into the end winding
region, core region, and radial ventilation duct region along the
axial direction. Each region is composed of many different struc-
tures in the radial direction. Therefore, the label of each node con-
sists of two parts. The first represents the axial position, where
labels 0 and 9 are the end winding region, 1-8 are the core region,
10 is the cooler region, and 11-17 are the radial ventilation duct
region. The latter represents different structures in the radial
direction.

Table 2
Material physical properties.
Material Density  Specific heat Thermal
(kg/m?)  capacity (J/(kg-K)) conductivity
(W/(mK))
N38UH 7400 450 44.2
Equivalent insulation 1800 1000 0.18

Silicon steel sheet 7650 381 42.5/42.5/4.5 (radial/

circumferential/axial)

to the principle that the center of PM is fixed and the area and H62 brass 8978 381 387.6
T3 T3
T2
Rr Rr
Ral L Ra2 Rel T Ra2 Re2
[ = [ =
T1 P T2 Ts Ral P T
Ri2 Rr2
Ta T T4
(@) (b)
SRt Rotor core Rotor core
Stator tooth
Permanent .
magnet (PM) Equivalent PM

Equivalent

Real winding <] A
winding

Cooper bar

Fig. 3. Thermal network construction. (a) Equivalent thermal model of hollow cylinder. (b) Prototype structure. (c) Winding equivalence. (d) PM equivalence.
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Fig. 4. Global thermal network model.

In order to better distinguish different regional nodes, regional
nodes and thermal resistances are distinguished by color. The red
represents the stator winding, the light blue represents the iron
core, the yellow represents the rotor copper bar, the dark blue rep-
resents the PM, the green represents the shaft, and the gray repre-
sents the air.

Take the No. 1 core region as an example. The stator region
includes the stator yoke node (1,1), stator tooth nodes (1,2) and
(1,3), and stator winding nodes (1,4) and (1,5). All of them are
nodes with heat sources. The stator yoke node is connected to
the air gap node (1,6) through the stator teeth and the stator wind-
ing. In addition, circumferential heat transfer between the stator
winding and the stator teeth at the same radial position is also con-
sidered ((1,2) and (1,4), (1,3) and (1,5)). The stator region is con-
nected to the rotor region through the air gap node (1,6), and
heat is transferred to the rotor region through the rotor tooth node
(1,7) and the rotor copper bar node (1,8), respectively. The rotor
teeth and the rotor copper bar each have a heat source, and there
is circumferential heat transfer between them. Then, heat is trans-
ferred to the inner yoke node (1,11) through the outer yoke node
(1,9) and PM node (1,10). Finally, a portion of the heat directly
enters the rotor axial ventilation duct node (1,13), and another por-
tion indirectly enters the rotor axial ventilation duct node through
the shaft node (1,12). Other regions are similar and will not be
repeated.

2.4. Bidirectional hydraulic-thermal network coupling method

According to the above description, the parameters of the
hydraulic and thermal network components are associated with
each other. The change in one network parameter affects not only
itself but also the others. Therefore, bidirectional coupling calcula-
tion is essential for calculating the fluid-thermal characteristics of
the motor more accurately.

For the hydraulic network, the hydraulic resistance of each
branch is related to the temperature of the air. As the temperature
increases, the kinematic viscosity of the air increases, which leads
to an increase in the hydraulic resistance of the branch pipes and,
ultimately, a decrease in the flow rate. And vice versa.

For the thermal network, the reduction in air flow will weaken
the convective heat transfer intensity, which will increase the cor-
responding convection thermal resistance. Ultimately, the amount
of heat emitted from the ventilation ducts will decrease. The flow
chart for the bidirectional hydraulic-thermal network coupling cal-
culation is shown in Fig. 5.

Firstly, assuming the initial air temperature in each zone, the
hydraulic network can be solved to obtain the air flow in each
branch. Secondly, the convective heat transfer coefficient of each
fluid-solid interface is calculated based on the hydraulic network
results, and the thermal network will be solved. Then, the temper-
ature of each node and the heat flux of each branch are obtained.
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Fig. 5. The flow chart of bidirectional hydraulic-thermal network

calculation.
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Table 3

Losses in the motor.
Item Value (W)
Stator core teeth iron loss 1940
Stator core yoke iron loss 1694.4
Rotor core teeth iron loss 155.2
Stator winding copper loss 1805.2

The heat pressure source will be updated until its value meets the
residual. After that, the physical properties of air are recalculated
to update the hydraulic network parameters. The global motor
temperature rise can be obtained through continuous iterative cal-
culations between the hydraulic and thermal networks.

2.5. Heat source calculation

Various losses in the motor are used as the heat source for con-
ducting the temperature rise prediction. It is essential for an accu-
rate prediction. In this paper, 2-D transient electromagnetic
analysis is applied to determine the losses, and the analysis is per-
formed by ANSYS Electronics Desktop 2020 R2. The electromag-
netic characteristics of the motor can be obtained by 2D
transient electromagnetic analysis, such as the amplitude and dis-
tribution of the magnetic density, the current amplitude and so on.
Then, the various losses in the motor can be calculated according to
the formulas (15) and (16), and the results are listed in Table 3. In
addition, the losses are also assigned according to 2D transient
electromagnetic analysis, and the distribution of losses is listed
in Table 4.

Pre = Pn +DPc + Pe

= knfBZ + kef*B2 + kef By (15)
where pg. is the core loss, py, is the hysteresis loss; p. is the eddy
current loss, pe is the additional loss, ki, and « are the hysteresis loss
coefficients, k. is the eddy current loss coefficient, k. is the addi-
tional loss coefficient, f is the frequency of change of the magnetic
field and By, is the magnitude of the magnetic flux density.

PCu‘ DC = mIZR (16)
Pcy ac = KemI*R

where Py pc is the direct current copper loss of the motor, Pcyac iS
the alternating current copper loss of the motor, Kg is the alternat-
ing current resistance coefficient, m is the number of phases of the
motor, I is the effective value of the winding phase current and R is
the effective resistance value of the single phase of the stator
winding.
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The losses are also assigned according to 2D transient electro-
magnetic analysis. Stator and rotor core losses are uniformly dis-
tributed along the axial direction. For the radial direction, although
the magnetic flux density of the stator core yoke is lower than that
of the stator teeth, the volume is larger. Thus, more core losses are
generated in it. In the stator core teeth, the closer to the air gap,
the higher the magnitude of the magnetic flux density, and the more
core loss is generated. For the rotor core, the core loss generated
internally is mainly concentrated in the rotor core teeth. Regarding
the stator winding copper loss, its distribution is determined accord-
ing to the length ratio. The length ratio between the core section and
the radial ventilation duct is 4.75:1. In addition, since the length of
the stator winding end is much longer than the core section and
the radial ventilation duct section, the copper loss is particularly
high. The distribution of losses is listed in Table 4.

2.6. Experimental platform

In order to verify the effectiveness of the proposed method and
the accuracy of the calculation results, the experimental platform
was built. The experimental platform is shown in Fig. 6. The plat-
form includes the prototype, cooler, load motor, and various mea-
suring instruments (Yokogawa WT3000 produced by the
Yokogawa testing and measurement company). The rated load test
was conducted to measure the temperature rise of the prototype.

Before the temperature rise test, six PT100 thermocouples were
pre-embedded on the nondrive side of the stator winding and were
evenly distributed in the circumferential direction. The prototype

Fig. 6. Experimental platform.

Table 4
Losses distribution.
Region
Stator core yoke Node number (1,1) (2,1)
Loss value (W) 211.8 211.8
Stator core teeth Node number (1,2) (2,2)
Loss value (W) 118.0 118.0
Node number (1,3) 2,3)
Loss value (W) 124.5 124.5
Stator winding Node number (0,4) (1,4) (2,4)
Node number (0,5) (1,5) (2,5)
Loss value (W) 470.2 89.3 89.3
Node number (11,4) (12,4)
Node number (11,5) (12,5)
Loss value (W) 18.8 18.8
Rotor core teeth Node number 1,7) 2,7)
Loss value (W) 194 194

(3.1) (4,1) (5.1) (6,1) (7,1) (8,1)

211.8 211.8 211.8 211.8 211.8 211.8

(3.2) (4.2) (5.2) (6,2) (7,2) (8,2)

118.0 118.0 118.0 118.0 118.0 118.0

(3.3) (43) (5.3) (6,3) (7,3) (8,3)

124.5 124.5 124.5 124.5 124.5 124.5

(34) (44) (54) (6,4) (7,4) (8,4) (9,4)
(3,5) (4,5) (5,5) (6,5) (7,5) (8,5) (9,5)
89.3 89.3 89.3 89.3 89.3 89.3 470.2
(13,4) (14,4) (15,4) (16,4) (17,4)

(13,5) (14,5) (15,5) (16,5) (17,5)

18.8 18.8 18.8 18.8 18.8

(3.7) (4,7) (5.7) (6,7) (7,7) (8,7)

194 194 194 194 194 194
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is used as the prime mover, and the load motor is used as the load.
The input power of the prototype is read by the power measuring
instrument, the output power is obtained by the rotation speed
and the torque measuring instrument. The test method strictly fol-
lows GB/T 22669-2008. The ambient temperature at the time of
the experiment was 298 K. When the temperature change of the
motor in 30 min is less than 0.5 K, it is considered that the motor
has reached its steady state. Record the data from the temperature
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sensor at this time. The average of the six sensors data is used as
the experimental data to compare with the simulation result.

3. Results and discuss
3.1. Global hydraulic network results

Global hydraulic network results for unidirectional and bidirec-
tional coupling analyses are shown in Fig. 7(a) and (b). It can be
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Fig. 7. Hydraulic characteristics results. (a) Global hydraulic network results for unidirectional coupling analysis (m>/s). (b) Global hydraulic network results for bidirectional

coupling analysis (m?/s). (c) Air flow distribution along axial direction.
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seen that the air flow of branches for bidirectional coupling analy-
sis is smaller than that of unidirectional coupling analysis. The
total flow of the external and internal air paths in the bidirectional
coupling analysis is 0.797 m3/s and 0.489 m?/s, respectively, which
is 1.12% and 8.43% lower than the unidirectional coupling analysis.
In addition, it can be found that the air flow distribution of the bidi-
rectional coupling analysis along the axial is different from the uni-
directional one. It is not axisymmetric.

As shown in Fig. 7(b), 34.8% of air returns directly to the cooler
via the end space (c in Fig. 1(a)), while the remainder enters the
active region of the motor (a and b in Fig. 1(a)). Taking the No. 4
radial ventilation duct as the center, the motor is divided into
the drive side and nondrive side regions. The flow in the drive side
region is 0.237 m?3/s, which is 6.3% lower than the non-drive side
region. It is because the nondrive side air first exchanges heat with
the cold air in the external air path, so the nondrive side air tem-
perature is lower than the drive side. The air viscosity of the former
is lower than that of the latter. The hydraulic resistance in the cor-
responding zone also satisfies this relationship.

The air flow distribution of bidirectional coupling analysis along
the axial direction is shown in Fig. 7(c). The air flow shows a distri-
bution of high at both ends and low in the middle along the axial
direction. The highest flow is in the nondrive side region
(0.088 m?/s), which is 69.2% higher than the maximum flow of
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the radial ventilation duct (0.052 m3/s at No. 7 ventilation duct).
The lowest flow is No. 4 ventilation duct 0.037 m>/s. The centrifu-
gal fan located at the end region can provide a greater pressure
indenter than the rotor radial ventilation slot steel. Therefore, the
further away from the fan, the greater the pressure drop loss of
air, then the greater equivalent hydraulic resistance.

3.2. Global thermal network results

The global thermal network results for unidirectional and bidi-
rectional coupling analyses are shown in Fig. 8. Moreover, the glo-
bal temperature rise distributions of the LSPMSM for unidirectional
and bidirectional coupling analyses are listed in Tables 5 and 6. By
comparison, it can be found that the overall temperature rise result
of the bidirectional coupling analysis is higher than that of the uni-
directional coupling analysis. The hotspot temperature rise for
bidirectional coupling analysis is 84.9 K, which is 2.7 K higher than
unidirectional coupling analysis.

As can be seen from Fig. 8(b), the temperature rises of the motor
range from 45.8 K to 84.9 K. The hotspot appears at the lower end-
winding on the drive side, and the lowest temperature rise occurs
at the non-drive side of the shaft. Furthermore, the temperature
rise in the drive side region is slightly higher than that in the
non-drive side region. According to the hydraulic network results,

[
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Fig. 8. Global thermal network results. (a) Unidirectional. (b) Bidirectional.
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Table 5
Global temperature rise distributions of LSPMSM for bidirectional analysis (K).
Region End 1 2 3 4 5 6 7 8 End
Stator core yoke - 75.31 75.47 75.61 75.9 75.35 75.07 74.41 74.2 -
Stator winding 84.85 79.65 79.92 80.18 80.4 79.82 79.5 79.11 78.55 83.21
84.19 79.27 79.69 79.99 80.18 79.71 79.17 78.94 78.43 82.57
Stator core tooth - 74.05 74.51 74.64 74.91 74.36 73.82 73.52 73.35 -
- 73.92 74.42 74.57 74.85 74.31 73.74 73.45 733 -
Rotor copper bar - 69.21 69.71 70.08 70.31 70.21 70.01 69.62 69.14 -
Rotor core tooth - 68.93 69.45 69.75 69.92 69.81 69.6 69.36 68.88 -
Rotor core yoke - 64.03 64.31 64.82 64.96 64.87 64.66 64.5 63.96 -
- 56.44 56.85 57.17 57.33 57.18 56.99 56.72 56.27 -
PM - 61.08 61.66 61.96 62.07 61.89 61.85 61.61 61.08 -
Shaft - 46.01 46.43 46.79 46.86 46.69 46.56 46.35 45.82 -
Table 6
Global temperature rise distributions of LSPMSM for unidirectional analysis (K).
Region End 1 2 3 4 5 6 7 8 End
Stator core yoke - 72.82 73.17 73.33 73.52 73.09 72.76 72.16 71.87 -
Stator winding 82.21 76.88 77.21 77.49 77.71 77.29 76.87 76.41 75.96 80.64
81.55 76.51 76.98 77.28 77.51 77.19 76.53 76.24 75.83 80.02
Stator core tooth - 71.57 72.21 72.29 72.55 72.11 71.61 71.15 70.98 -
- 71.44 72.12 72.24 72.49 72.07 71.54 71.1 70.94 -
Rotor copper bar - 68.53 69.09 69.42 69.61 69.71 69.45 69.11 68.54 -
Rotor core tooth - 68.26 68.81 69.11 69.19 69.27 69.1 68.78 68.37 -
Rotor core yoke - 63.35 63.65 64.21 64.32 64.3 64.13 63.97 63.47 -
- 55.74 56.22 56.51 56.64 56.6 56.45 56.21 55.71 -
PM - 60.45 60.99 61.32 61.45 61.39 61.25 61.04 60.5 -
Shaft - 45.34 45.8 46.12 46.26 46.18 46.05 45.81 453 -

the flow rate on the drive side is less than that on the non-drive
side. Therefore, the convective heat transfer coefficients of the for-
mer are smaller than those of the latter. Convective thermal resis-
tance is inversely related to the convective heat transfer
coefficient. Under the assumption of uniform heat distribution,
the side with a high heat dissipation capacity has a lower temper-
ature rise.
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The axial temperature rise distribution in the stator region is
shown in Fig. 9(a). In the whole stator region, the temperature rise
of each structure is distributed in a W-shape along the axial direc-
tion. The lowest temperature rise in each structure is located at the
stator core tooth of the non-drive side. The reasons are mainly
attributed to the following two aspects. On the one hand, the end
winding generates more losses than the in-slot winding. On the
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Fig. 9. Axial temperature rise distribution for bidirectional coupling analysis. (a) Stator region. (b) Rotor region.
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Table 7
Specific temperature rise distribution of the stator winding.

Locations Upper winding (K) Lower winding (K)
The drive side end 84.2 84.9
1 79.3 79.7
2 79.7 79.9
3 80.0 80.2
4 80.2 80.4
5 79.7 79.8
6 79.2 79.5
7 78.9 79.1
8 784 78.6
The non-drive side end 82.6 83.2

other hand, the heat dissipation condition of the in-slot winding is
better than that of the end winding due to the radial ventilation
duct and stator core. The thermal resistance between the copper
conductor of the in-slot winding and the stator core is less than
that between the copper conductor of the end winding and the
air. So, the temperature rise of the end-winding is higher than that
of the in-slot winding.

The axial temperature rise distribution in the rotor region is
shown in Fig. 9(b). The temperature rises in the rotor region range
from 56.3 K to 70.3 K. Different from the temperature rise distribu-
tion in the stator region, the highest temperature rise in the rotor
region is in the middle, which is at the copper bar of the No. 4 core
section, while the lowest temperature rise is located at the end,
which is at the No. 8 core section. Only minimal losses are gener-
ated in the rotor region when the motor is operating. Therefore, the
temperature rise distribution in this region depends mainly on the
cooling capacity. As analyzed in the previous section, the closer to
the axial center, the lower the air flow and the higher the air tem-
perature in the active region of the motor. So, the heat dissipation
in the middle region is less than in the two ends, leading to a
higher temperature rise.

Table 7 lists the specific temperature rise distribution of the
winding. As can be seen from Table 7, the maximum temperature
rise occurs in the lower winding on the drive side, and the lowest
temperature rise occurs in the upper winding at the No. 8 core sec-
tion. Besides, the temperature rise of the lower winding is slightly
higher than that of the upper winding. It is because the cold air
comes into contact with the upper winding first and exchanges
heat. The air temperature increases after heat absorption. When
air is in contact with the lower winding, the temperature differ-
ence between the two is smaller than that between the upper
winding and air, which weakens convective heat exchange. Since
the lower winding is given the same heat source as the upper
winding, the temperature rise of the former is higher than the
latter.

The radial temperature rise distribution at the No. 4 core section
is shown in Fig. 10. It can be seen that along the radial direction
from inside to outside, the motor temperature rise rises first and
then falls. The highest temperature in the radial direction is located
at the stator winding. Moreover, because most losses are generated
in the stator region, the overall average temperature rise in the sta-
tor region is higher than that in the rotor region. In addition, the
temperature gradient along the radial direction inside the stator
winding and core is relatively small due to the high thermal con-
ductivity of copper and silicon steel sheets. The heat in the rotor

Table 8
Temperature rise comparison.
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region mainly comes from the stator region, so the farther away
from the stator region, the lower temperature rise. And the tem-
perature gradient inside the rotor region is relatively large.

3.3. Experimental results

Fig. 11 shows the curve of temperature rise with time during
the experiment. Table 8 shows the comparison between calculated
values and experimental data. The relative error between the cal-
culated value obtained from bidirectional coupling analysis and
experimental data is 2.2% and 2.9%, which meets the requirement
of engineering calculation accuracy. And the relative error between

Position Experiment

Unidirectional coupling analysis

Bidirectional coupling analysis

Temperature rise (K) Temperature rise (K)

Relative error (%) Temperature rise (K) Relative error (%)

85.1 80.6

80.0

Lower end winding
Upper end winding

53
6.0

83.2
82.6

2.2
2.9
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the bidirectional coupling analysis result and experimental data is
smaller than that between the unidirectional coupling analysis
result and experimental data, which verifies the effectiveness of
the proposed method.

4. Conclusion

In this paper, the fluid-thermal characteristics of a high-voltage,
10 kV, 280 kW LSPMSM with axial and radial mixed ventilation
cooling were achieved based on bidirectional hydraulic-thermal
network coupling. The main conclusions were as follows:

1) Considering the structural features of the motor’s axial and
radial mixed ventilation cooling, the global hydraulic net-
work model was established by modeling the indenter ele-
ments and hydraulic resistances. The motor is zoned, and
the equivalent heat transfer model for each zone is estab-
lished. Then the connection of local thermal network models
constitutes a global thermal network model. Through the
bidirectional coupling calculation of the hydraulic and ther-
mal network model, the interaction between the air and
temperature is fully considered. The relative error between
the calculated and experimental results was 1.5% and 2.4%,
which proves the accuracy of the calculation method.

2) The total flow of the internal air path was 0.489 m>/s. The
flow of the end region was 0.170 m?/s, and the flow of seven
radial ventilation ducts was 0.319 m>/s. The air flow along
the axial direction showed a distribution of large at both
ends and small in the middle. Moreover, the flow on the
non-drive side is higher than that on the drive side due to
temperature differences.

3) The temperature rise of the motor approximately showed an
axially symmetrical distribution. The temperature rise in the
stator region is distributed in a W-shape along the axial
direction. While the axial temperature distribution of the
rotor area is different that of the stator region. The maxi-
mum temperature rise is 84.9 K and appears at the lower
end-winding on the drive side. Moreover, the temperature
rise in the drive side region is slightly higher than in the
non-drive side region.
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