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ABSTRACT In order to address the challenges of high loss density, difficult heat dissipation, and irreversible
demagnetization in high temperature of high-speed permanent magnet machine, an innovative cooling
structure with axial ventilation and self-cooling rotor is proposed to enhance temperature distribution.
The cooling efficiency of the cooling structure is defined, and the influence of the rotor vent on the
electromagnetic and air friction loss is analyzed. The governing equation for the fluid flow in a rotating
pipe is derived from a fluid model analysis of a ventilation hole rotating at any angle to the axis of
rotation. The calculated results are validated against the results obtained from computational fluid dynamics.
The sensitivity of rotor cooling performance to various control factors using the variance index method.
Subsequently, the cooling structure was enhanced based on the findings of the analysis. The calculation
results indicate that the heat dissipation effect of the axial ventilation self-cooled rotor has decreased by
4.17 °C compared to before the improvement. The temperature rise experiment verified the accuracy of
temperature calculation and the effectiveness of the cooling structure, providing strong support for the design
of axial self-ventilation cooling system for high-speed machines.

INDEX TERMS Cooling structure, heat dissipation, high-speed machine, permanent magnet synchronous
machine.

I. INTRODUCTION

High-speed permanent magnet synchronous machine
(HSPMSM) is an attractive solution for applications such as
compressors, blowers and energy storage flywheels because
of their small size, high efficiency, high power density
and high rotor strength [1]. However, the performance of
HSPMSM is limited by their cooling systems due to the
increase of volume loss density. If the cooling structure is not
designed properly, the high-speed rotating rotor’s heat lacks
an effective heat dissipation channel, and thus relies solely on
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the air gap to flow to the stator. However, air has poor heat dis-
sipation, which can result in excessive temperature rise of the
rotor. Excessive rotor temperature rise can cause irreversible
demagnetization of the permanent magnet, which not only
affects the machine’s performance but also jeopardizes the
reliable operation of the permanent magnet machine [2], [3],
[4]. Therefore, the cooling problem of HSPMSM has become
a focus of attention.

Due to the significant thermal resistance between the rotor
and the external surface of high-speed permanent magnet syn-
chronous motors, the external cooling system of the casing
often fails to meet the requirements [5]. The open-structure
internal air ventilation system can directly dissipate heat
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from the machine without incurring high cooling costs, mak-
ing it widely used in industrial applications. An air cooling
system with radial, axial and circumferential air ducts is
proposed [6]. The air is driven by a rotating shaft and can
effectively cool the internal components. Stator ventilation
parameters such as vent locations, vent widths and the height
of a baffle added to the stator-casing duct are optimized [7],
and the peak temperature of stator windings is significantly
reduced. The influence of ventilation mode on the tempera-
ture distribution is also analyzed. Compared with the PMSM
with one air inlet, the maximum temperature of the PMSM
with two air inlets is reduced by 9.8 °C [8].

In order to improve the cooling efficiency, the internal
liquid cooling technology has been studied and developed
to avoid the internal components being directly exposed to
the coolant, and an indirect liquid cooling structure has been
proposed [9], [10]. A self-circulating oil cooling system for
hollow shaft is proposed, which can effectively enhance the
heat transfer capacity of the shaft [11]. The structure of the
oil circulation system is improved and the heat dissipation
capacity is improved [12]. Channel cooling is considered
to be an effective cooling technology, which is comparable
to the traditional cooling system either as an independent
method or as a secondary heat transfer path [13]. The method
of adding water-cooled pipes to the teeth is studied, and
the optimum diameter and number of parallel water-cooled
pipes are determined, which effectively improves the heat
dissipation efficiency [14]. The effects of coolant inlet tem-
perature and flow rate on the heat transfer coefficient are
examined [15]. However, for the liquid immersion cooling
system, the maintenance cost is relatively high.

In addition, HSPMSM has other heat dissipation measures.
For example, in order to solve the problem of serious temper-
ature rise caused by copper loss caused by the constraint of
stator slot space, a new winding indirect liquid cooling tech-
nology with heat pipe inserted in the center of stator slot is
proposed [16]. The rotor temperature is reduced by installing
heat sink inside the housing [17]. Recently, an integrated
machine compressor with airfoil rotor is proposed [ 18], which
has both the function of motor and the function of axial flow
compressor. The rotor of motor-compressor rotates and pro-
vides electromagnetic torque and compression function at the
same time. The air from the surrounding environment enters
the rotor stage and is accelerated by the rotating rotor blade
to achieve a high heat transfer coefficient to cool the motor.
Based on the working principle of integrated motor compres-
sor, a flux-switching permanent magnet machine with airfoil
rotor is proposed [19]. At low speed, it is both motor and axial
flow fan. The self-cooling characteristic of the winged rotor
can be achieved without additional cooling methods, but for
the high-speed machine, it will obviously increase the rotor
air friction loss, so it cannot be applied directly.

To analyze the influence of cooling structure on temper-
ature more accurately, the improved method of temperature
calculation has also been studied, such as thermal network
method [20], [21], [22], [23], finite element method [24], [25]
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and computational fluid dynamics (CFD) [26]. On the other
hand, the coupling modeling and analysis of temperature field
and other physical fields are analyzed, including electromag-
netic and thermal bi-directional coupling method [27], [28],
[29] and indirect coupling method of temperature and shell
stress field [30]. The structure of axial ventilation self-cooling
system is complex, and the thermal network method is not
convenient to analyze the temperature distribution. Therefore,
this paper provides a fluid-solid coupling CFD method to
calculate the temperature distribution.

Composite rotor high-speed permanent magnet syn-
chronous machine (CRHSPMSM) is a new type of HSPMSM
with low eddy current loss and high strength. Due to the
strength of the rotor, the diameter of the rotor in high-speed
permanent magnet motors is usually small. The rotor of
composite rotor high-speed permanent magnet synchronous
machine is made of high-strength carbon fiber material mag-
netically loaded. The magnetic material is in a magnetic
powder state without concentrated stress generation, ensuring
the strength of the rotor for larger diameters. The internal
space of the rotor can be used to improve the cooling effi-
ciency of the rotor [31], [32], [33]. The literature on the
existing cooling system is mainly focused on HSPMSM, but
the research on CRHSPMSM is less, which is the purpose of
this paper.

In this paper, taking a CRHSPMSM as the research object,
the cooling structure with axial ventilation hole self-cooling
rotor is proposed. The fluid model of the cooling system is
constructed, and the influence of the cooling structure on
the air friction loss of the machine is analyzed. Through the
numerical solution of the control equation, the characteristics
of air pressure distribution and rotor temperature distribu-
tion are obtained. By designing different control factors and
designing orthogonal experiments, the structural parameters
of the cooling system are improved, and the effectiveness
of the proposed cooling enhancement method is verified by
CFD simulation. Through the temperature rise experiment,
the accuracy of temperature calculation and the effectiveness
of cooling structure are verified, which provides strong sup-
port for the design of axial self-ventilation cooling system of
high-speed machine.

Il. COOLING EFFICIENCY ANALYSIS OF AXIAL
VENTILATION SELF-COOLING ROTOR COOLING
STRUCTURE

In order to improve the heat dissipation effect of the rotor,
a 100 kW 20000r/min CRHSPMSM with axial ventila-
tion self-cooling rotor is designed as shown in Figure 1.
The parameters of the proposed machine are shown in
Table 1. The rotor yoke and shaft are one unit. The mate-
rial is 42CrMo. The rotor permanent magnet material of
CRHSPMSM is carbon fiber-NdFeB composite. The material
of the retaining sleeve is carbon fiber. The centrifugal force
produced by high-speed rotation is used to make the cool-
ing air pass through the inside of the rotor axially without
changing the structure of the rotor. At the same time, the air
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(b) Axial ventilation self-cooling rotor of CRHSPMSM

FIGURE 1. Physical model of the CRHSPMSM with axial ventilation
self-cooling rotor.

TABLE 1. Parameters of the CRHSPMSM.

Parameters Values Parameters Values

Rated power (kW) 100 Stator outer diameter 235
(mm)

Rated speed (r/min) 20000 Stator inner diameter 132
(mm)

Frequency (Hz) 666.67  rotor outer diameter (mm) 127

Number of pole-pairs 2 Axial length (mm) 195

number of slots 24 Sleeve thickness (mm) 2

flow inside the rotor and the end cavity is improved, and
the cooling environment of the machine is improved. The
axial vent can improve the heat dissipation condition of the
machine, but it also increases the air friction loss, which is not
conducive to the rotor heat dissipation, so the fluid field and
temperature rise caused by air friction loss of the self-cooling
rotor with the axial vent are examined.

The centrifugal hole cooling structure uses part of the
mechanical power to do work on the fluid in the pipe, which
increases the pressure difference between the inlet and outlet
of the fluid. The input power is the external mechanical power
needed to rotate the rotor after increasing the centrifugal hole,
and the output power is the added value of fluid energy per
unit time. The efficiency is the ratio of the two.
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The input power of the cooling structure of the centrifugal
hole is equal to the product of the pressure of the fluid on the
wall of the centrifugal hole and the torque and speed of the
viscous force relative to the rotation center. It can be obtained
by the product of the torque calculated by the fluid field and
the rotational speed.

Py =2nnT (1

P is the input power of the cooling structure of the cen-
trifugal hole. n is the rotational speed. The unit is r/min. T is
the torque of the fluid pressure and viscous force on the wall
of the centrifugal hole to the rotation center, which is opposite
to the torque of the centrifugal hole acting on the fluid.

T=//r><pdS+//ervdS 2)

S N

where p is the pressure, F), is the viscous force and r is the
displacement vector of the center of rotation.

The output power P, of the centrifugal hole cooling
system is

Py = (p2—p1)g 3)

where p is the pressure at the entrance of the vent, p, is the
pressure at the outlet of the centrifugal hole, and g is the flow
rate.

Finally, the efficiency of the cooling structure of the
centrifugal hole n can be defined as

P
n=— x100% )
Py

The output power and efficiency of the centrifugal hole
cooling structure reflect the work done by the cooling air
through the ventilation hole inlet, the centrifugal hole and
the vent outlet rotor and the fluid power consumption. This
parameter can be used as a basis for analyzing the cooling
efficiency of the centrifugal hole cooling structure.
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FIGURE 2. Cooling power and cooling efficiency cooling structure.

According to the calculation results in Figure 2, the output
power of the centrifugal hole does not change obviously when
the rotational speed is low, but when the rotational speed is
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FIGURE 3. Magnetic field lines and magnetic density distribution.

greater than 12000r/min, the change of power is gradually
becoming apparent. Therefore, for the constant speed and low
speed machine, the applicability of centrifugal hole cooling
structure is poor, and this structure is more suitable for high-
speed machine. The efficiency of the ventilation duct is about
32.5%, indicating that there is still much room for optimiza-
tion of the centrifugal hole structure of the rotor.

IIl. EFFECT ON ELECTROMAGNETISM AND AIR FRICTION
LOSS OF AXIAL VENTILATION HOLE

A. EFFECT ON ELECTROMAGNETISM OF AXIAL
VENTILATION HOLE

In order to analyze the influence of the axial ventilation
hole on the magnetic circuit of the rotor, a two-dimensional
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finite element model is established to analyze the transient
of the machine. The parameters of the machine are shown
in Table 1. 4 and 6 holes were added to the rotor yoke, with
a diameter of 6mm. The magnetic force line and magnetic
density cloud diagram of the rotor are shown in the Figure 3.
It can be seen that the difference in magnetic field distri-
bution before and after adding axial ventilation ducts is very
small. Therefore, the ventilation holes on the rotor yoke have
almost no effect on the distribution of magnetic field lines.
According to the magnetic density distribution before and
after adding axial ventilation ducts, there is little change in the
magnetic density distribution, so the influence of the opening
on the magnetic density of the yoke is also relatively small.
The back electromotive forces of the three machines at no
load are 195.08V, 195.07V and 195.06V, respectively. The
change is less than 0.1%, so the influence of axial opening
on the electromagnetic field of the machine can be ignored.

B. EFFECT ON AIR FRICTION LOSS OF AXIAL VENTILATION
HOLE
Due to the high-speed rotation of the rotor, the existence of
axial ventilation holes will inevitably have a certain impact on
the rotor air friction loss. In order to analyze the magnitude
of this effect, a single-hole CFD model is established.
Taking the rated speed of the machine as an example,
after solving the fluid finite element method, the temperature
distribution cloud map and pressure distribution cloud map of
the ventilation duct are obtained, as shown in Figure 4. The
heat source is the heat generated by the friction between the
air and the hole wall when the air flows through the ventila-
tion hole. The k-¢ turbulence model is used to calculate wall
friction loss, which is added as a heat source to the ventilation
hole wall. As can be seen from these two pictures, the highest
temperature at the outlet of the ventilation duct is 44.15 °C.
There is a temperature difference between the entrance of
the ventilation duct and the outlet of the ventilation duct,
which indicates that there is air friction loss and heat in the
ventilation duct.

Temperature

Plane 1 IC]

B Y % 2 % b
%o Sy <] % s

(a) Air temperature distribution in centrifugal hole

Pressure
Plane P [Pa)

R |

o9 % % a
By g gy p

| __d

(b) Pressure distribution in centrifugal hole

FIGURE 4. Temperature and pressure distribution in centrifugal hole of
20000r/min.

According to the law of conservation of energy, the air
friction loss in the ventilation duct can be calculated to be

DPrwind = ¢m (tout — fin) (5)
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where ¢ is the specific heat capacity of cooling air, m is
the air quality per unit time flowing through the vent, #yy
is the average temperature at the outlet of the vent, and #,
is the average temperature at the entrance of the vent.

m = SVpair (©)

where s is the cross-sectional area of the vent and v is the flow
speed. According to the above formula, the air friction loss of
a single vent is calculated.

According to the analysis results of the influence of rota-
tional speed on temperature field and fluid field in Figure 5,
there is an exponential relationship between rotor speed and
stroke friction loss of ventilation pipe. With the increase of
rotor speed, the air friction loss of air in the ventilation duct
increases. But for the whole, the air friction loss of a single
vent in 20000r/min is only 8.5W, which is relatively small
than the total loss of the machine, but has an obvious effect
on the rotor with poor cooling performance.
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FIGURE 5. Effect of rotor speed on inlet and outlet temperature
difference and air friction loss.

IV. CONTROL EQUATION OF FLUID IN ROTATING PIPE
A. VENTILATION PIPES PARALLEL TO THE AXIS OF
ROTATION
The resistance caused by the friction between the air and the
pipe wall caused by the viscosity of the air itself and the
roughness of the pipe wall is friction resistance. The energy
loss caused by overcoming friction resistance is friction resis-
tance loss, which is referred to as the loss along the way.
When air flows in a pipe with constant interface, the loss
along the way can be calculated according to the following
formula.

1 ,ov2
AP, = )L4Rs " [ @)
where APy, is the loss along the air duct, A is the friction
coefficient, v is the average air velocity in the air duct, p is
the air density, [ is the air duct length, and Ry is the air duct
hydraulic radius.

R =L ®)
STp
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where F is the cross-sectional area of the fluid part of the pipe
and P is the wet perimeter that is the perimeter of the air duct
in the ventilation system.

The friction resistance coefficient A is related to the rough-
ness of the wall of the ventilation pipe and the flow state
of air in the pipe. In the rotor ventilation duct, the air flow
state mostly belongs to the transition zone from the turbulent
smooth zone to the rough zone. In this area, A is calculated
by the following formula

1_21(K+2.51) ©)
7 8\37d T ke

where K is the roughness of the inner wall of the air duct mm,
Re is Reynolds number.

v-d
14

where y is the kinematic viscosity coefficient of the fluid.
Re is usually used as the basis for judging the state of air
flow. The flow state is laminar flow when Re < 2300 and the
flow state is turbulent flow when Re > 2300.
Figure 6 shows a model for the flow of heated air in an
axially rotating ventilation duct when a uniform heat flux
density gy, is applied to the pipe wall.

Re = (10)

Heat flux

LT

ISEBABARARAE

FIGURE 6. Schematic diagram of fluid computing domain.

Under the condition of rated speed, Re> 2300 is turbulent,
and constant heat flux is applied to the pipe wall as the thermal
boundary condition [34]. Assuming that the fluid parameters
are constant, the viscous loss is ignored. The dimensionless
temperature is defined as follows

O=Tw@ —-T(r,z0,0) /T (1)
where T, is defined as the average wall temperature and 7
is the reference temperature.

_ 9w
' pCpvp

(12)

C, is the constant pressure specific heat capacity, and vy, is
the bulk velocity.

According to the hydrodynamic energy equation, the rate
of change of the internal energy of a fluid micromass is equal
to the sum of the net heat flow into the micromass and the
power of the work done by the bulk and surface forces on the
fluid micromass.

O 19 ,_ -

19 ,_ - d _ - _ (T
E + ;5 (f]r®) + ;% (49®) + 3_2 (5116) - CIza_Z (Fr)
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= —|-——\\ur— —— — o —

Pelror\ " ar) r2a0\""a0) a7\ oz
(13)

The average heat flow in each direction g, = 7 - vy, g9 =
r-vp,and g, = r-v,. Theratio of r to velocity in each direction
is equal to the ratio of the pipe radius R to the central flow line
velocity v, of the incompressible viscous laminar flow of the
pipe. Peclet number Pe = RepPr, where Rep = velR/v. v is
the dynamic viscosity.

The average pressure gradient in the equation for the flow
component in each direction is the body velocity constant.
The heating condition applied to the wall surface represents
a linear increase in the instream temperature 7} in the flow
direction. For a fully developed flow line, the following
equation is satisfied

8_T = ﬁ = _2qw (14)
0z 9z pCplUp
B. VENTILATION PIPE ROTATING AROUND ANY AXIS
The centrifugal ventilation hole is composed of two parts, one
is the ventilation hole parallel to the rotation axis, and the
other is the centrifugal hole which has a certain angle with the
rotation axis. The vent parallel to the axis of rotation has been
analyzed previously, and the fluid model of the vent which
rotates at a certain angle to the axis of rotation is analyzed in
this section.

When the pipe rotates around any axis, the axial veloc-
ity distribution in the pipe changes, the secondary flow
occurs on the cross section, and the convective heat trans-
fer characteristics of the pipe will change. In this chapter,
the flow and heat transfer in a circular cross-section pipe
rotating around an arbitrary axis are numerically simulated.
The convective heat transfer characteristics in a rotating
pipe around an arbitrary axis are mainly determined by
Reynolds number Re, Rossby number Ro, Prandtl number
Pr and the angle o between the rotation axis and the pipe
axis.

\ Flow

FIGURE 7. Fluid calculation domain of ventilation pipe rotating around
any axis.

In Figure 7, 0*z* is the pipeline axis, the pipe rotates
around the OA, the rotation speed is €2, the angle between

the pipe axis and the rotation axis is «, the relative coordinate
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system (r*, 6, z*) is established, and the velocity component
in the direction of the relative coordinate system (r*, 6, z*)
is u*v*w*. The diameter of the pipe is d. It is assumed
that the flow field and temperature field of the pipeline are
fully developed, the wall heat flux g, is constant, and the
wall temperature 7, remains constant along the circum-
ferential direction of the section. Converting parameters to
dimensionless numbers as follow:

r= r*/d
z=z*/d
(u,v,w) = (u*, v, w*) /d

0= (Tw - T) T,

P =P /pW:?
Ro=W!/Qd
Re =W,d/v
Pr=v/x (15)

where P* is an axial pressure gradient, and 7y is the
characteristic temperature.

P* = p* — p (rsinf cosa + zsina)? Q%/2
— p(L+rsind)> Q%2 (16)
Ts = qwd /k (17)
where k is the thermal conductivity.

It is deduced that the control equation in the relative
coordinate system is

y+ 2 =0
3 30
du vou V?
a 0
r r%P r .
:—a———(vcosot+wsmacose)
-

- u— 227
Re r2 96

v vav uy aP n ( 4 wsi 0)
— - =—— 4+~ (ucos sin & cos
”ar rof r rof  Ro " @ wsina

n 1 V2 % n 2 ou
J— u— — —_——
Re r2  r290
dw v ow oP

G + S50 = o + %o (ucosf —vsinf) sino

2
+—V°w
Re
00 voi® 4w 1 _,
Priu—+-—])——=—V"0
L or r 06 Re Re

(18)

According to the above analysis and calculation, the results
of the fluid field when the ventilation duct rotates around any
axis are obtained. Figure 8 (a) (b) shows a rotating pipeline
with the length of 50mm, the inner diameter of 8mm, and the
inclination angle o of 30°, the variation of the average air flow
rate and inlet/outlet pressure difference in the pipeline with
rotational speed. Figure 8 (c) (d) shows the variation of the
average air flow velocity and inlet/outlet pressure in the same
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FIGURE 8. Effect of rotational speed and angle on fluid field.

pipeline speed of 20000r/min calculated separately by using
fluid models and CFD. The angle has been increased from 0°
to 90°. Calculate flow velocity and inlet/outlet pressure dif-
ference separately using fluid model and CFD. The proposed
fluid calculation model results are basically consistent with
the CFX model results, verifying the feasibility of the axial
ventilation self-cooling structure and providing a theoretical
basis for the design of the cooling structure.
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V. DESIGN OF COOLING STRUCTURE
When the axial rotating pipe is connected in series with the
rotating pipe around any axis, the fluid velocity after series is

V:Q1+Q2_ 0

= 19
7 (dR2)? 7w (dR2)? (19)

Q1 is the air flow in the parallel ventilation duct, Q> is the
air flow in the oblique air duct, and Q is the total flow.

The heat generated from the rotor to the vent air can be
expressed as

o =TT _pa o, — T 0)
Rin
where ® is the heat generated by the rotor, Ry, is the thermal
resistance between the rotor and the fluid, 7; is the rotor tem-
perature, Ty, is the cooling air temperature, / is the thermal
convection coefficient, A is the heat transfer area, which can
be expressed as

A=lnd 2D

Ly, is the length of ventilation pipe.
According to Dittus-Boelter formula, for cooling fluid, the
forced convection coefficient is

0.4
Nu = 0.0023Re%8 Pr (22)
The thermal convection coefficient 4 is
4 0.8 C\04 3
h=0023 (22 Ll ) W (23)
vrrd A d

The heat dissipation efficiency of ventilation pipe 1 can be
expressed as

40 \*® ( uC,\** rnd
= hA =0.023 = Br) 227 24
p=m=oo(Z2)(52) 2 e

It can be seen that 5 is a function of the flow rate Q and the
diameter of the ventilation duct d.

In order to obtain the best cooling structure, Taguchi
method is used to improve the design efficiency of ventilation
parameters. The design based on orthogonal array can greatly
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TABLE 2. Different levels of control factors.

TABLE 4. Average value of 3 control factors under each level.

Control Level 1 Level 2 Level 3 Level 4
factors

ventilation

duct 3 4 5 6

number N

diameter of

ventilation 3 4 5 6

pipe d(mm)

angle a(®) 30 45 60 75

TABLE 3. Calculation results of L16 orthogonal matrix.
Control factors Results

N d(mm) a(®) Tr (°C) AP (Pa) V (m/s)
3 3 30 61.80 321 9.33
3 4 45 60.70 357 9.96
3 5 60 59.01 514 10.28
3 6 75 58.33 416 10.45
4 3 45 60.72 618 9.32
4 4 30 59.71 231 9.84
4 5 75 58.62 637 10.83
4 6 60 57.21 339 11.39
5 3 60 60.32 957 9.59
5 4 75 58.98 877 10.50
5 5 30 57.21 152 10.46
5 6 45 56.27 84 11.54
6 3 75 60.14 1105 10.01
6 4 60 58.24 825 10.57
6 5 45 56.71 163 11.40
6 6 30 55.53 206 12.21

reduce the experimental cost and time consumption. The
design flow chart is shown in Figure 9.

In order to better verify the performance of the ventila-
tion duct, a four-level three-factor L16 orthogonal array is
designed for numerical experiments, as shown in Table 2.
According to the analysis presented in Chapter 3, the increase
in ventilation ducts will double the air friction loss. At the
same time, considering the processing complexity, the selec-
tion range of the number of ventilation ducts is less than 6.
In order to ensure the comparison of control factors under
the same conditions, different ventilation duct number N,
diameter of ventilation pipe d and angle « are designed under
the same four levels. Each ventilation hole is guaranteed to be
equally spatially distant.

The calculation results of CFD and orthogonal array are
used to simulate the maximum temperature of the rotor. The
calculation results of the L16 orthogonal matrix are shown in
Table 3. For the traditional design method, all the simulation
results need to change with the level of each factor and require
64 analyses of time. However, for the L16 orthogonal matrix,
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Control factors  Level 7t (°C) AP (Pa) v (m/s)
3 59.96 402.00 10.01

4 59.07 456.25 10.35

N 5 58.20 517.50 10.52

6 57.66 574.75 11.05

3 60.75 750.25 9.56

d(mm) 4 59.41 572.5 10.22
5 57.89 366.5 11.74

6 56.84 261.25 11.40

30 58.56 227.5 10.46

. 45 58.60 305.5 10.56
) 60 58.70 658.75 10.46
75 59.02 758.75 10.45

only 16 times are calculated. Obviously, the efficiency of the
optimized design experiment is improved by 75%.

Two evaluation indexes, mean M and variance SS, are used
to analyze the results of the orthogonal array, and the final
optimal solution is given. The definition of M and SS are as
follows

_ 1 &
M=~ ZMi (25)
(M; — M) (26)

The average values of three kinds of control factors
of different rotor ventilation structures are calculated by
equation (22). The results are shown in Table 4.

In order to further optimize the optimal combination of
different rotor ventilation structures, the influence of various
control factors on different rotor ventilation structures at their
corresponding levels is shown in Figure 10. A1-A4, B1-B4,
and C1-C4 represent four levels of ventilation duct quantity
N, ventilation duct diameter d, and angle «, respectively.
As can be seen from Figure 10, with the increase of N and
d, the maximum temperature of permanent magnet decreases
significantly, and the rotor temperature increases slightly with
the increase of «, but the effect is small. The sensitivity of
rotor temperature, pipe pressure difference and flow velocity
to these three structural parameters is different.

The sensitivity of rotor cooling performance to different
control factors is analyzed by using variance index. The
results are shown in Table 5. As shown in Figure 11, the
diameter of ventilation duct d plays a major role in rotor
cooling, accounting for about 58.5%, followed by the number
of cooling ventilation ducts N, the influence accounts for
34.5%, and the influence of « is the least, accounting for
about 7%. For the pressure difference between the inlet and
outlet of ventilation ducts, the effects of o and d are more
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FIGURE 10. Control factors influence on the performance of cooling
system.

TABLE 5. Sensitivity analysis of control factor.

Control factors N d a
e SS 0.876 1.485 0.179
PC 0.345 0.585 0.07
AP SS 64.81 188.5 225.6
PC 0.135 0.394 0.471
v SS 0.377 0.88 0.043
PC 0.29 0.677 0.033

1.0 q

B rumber N
I diameter d
Bl oclc o

Sensitivity

0.24

0.0+

Tr AP v

FIGURE 11. Factor influence on the performance of cooling system.

significant, accounting for 47.1% and 39.4%, respectively,
and the proportion of the number of ventilation ducts N
is 13.5%. For air velocity, the greatest impact is also the
diameter of ventilation duct d, accounting for 67.7%, the
number of cooling ventilation N, the influence accounts for
29%, and the effect of « is almost negligible, accounting for
about 3.3%.

The analysis results show that with the increase of the
number of ventilation pipes N and pipe diameter d, the fluid
velocity increases, the turbulence intensifies, and the heat
dissipation capacity of the cooling system increases. But at
the same time, under the condition of constant flow rate, the
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FIGURE 12. Comparison of temperature distribution.

increase of ventilation duct transportation will lead to the
pressure loss and power increase of the cooling system.

Considering the sensitivity of control factors and the
improvement of rotor temperature distribution, the combi-
nation of the highest rotor temperature and pressure loss
is (A4B4Cl1). The rotor temperature calculation model of
forced air cooling system, axial ventilation self-cooling sys-
tem before and after improved is established, while ensuring
a volumetric flow rate of 2.071 x 10~3 m3/s for the cooling
air. Figure 12 is the temperature distribution when the load is
47.75Nm and the speed is 20000r/min. Compared to forced
air cooling system, the axial ventilation self-cooling system
can effectively lower the rotor temperature. The improved
design shows that the maximum temperature of the rotor is
55.54 °C. Compared with the initial structure, the maximum
temperature of the rotor decreased by 4.17 °C. After the
improvement, the cooling efficiency of the cooling system
has increased from 31.6% to 36.2% based on the calculation
method described in Chapter 2.

The axial ventilation duct can enhance the heat transfer
of the rotor for two reasons: one is that the surface of the
ventilation duct increases the heat transfer area of the wall;
the other is that the axial air flow caused by centrifugal force
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(b) Prototype and Experimental platform

FIGURE 13. Prototype and its rotor.

improves the convective heat transfer and enhances the heat
transfer effect. For CRHSPMSM, the diameter of ventilation
duct has the most significant effect on rotor temperature, fol-
lowed by the number of ventilation ducts. As for the pressure
loss, the inclination angle of the pipe and the diameter of the
ventilation duct have obvious influence.

VI. EXPERIMENTAL VERIFICATION
In order to verify the effectiveness of the cooling system
and the accuracy of temperature calculation, based on the
axial ventilation duct self-cooling system, a prototype and a
self-cooling rotor with axial ventilation are made as shown in
the Figure13(a). The testing platform for the motor is shown
in Figure 13(b). The prototype controls torque through the
upper computer of the control system. A 100kW 20000r/min
machine provides the load. The parameters of the prototype
are the same as those in Table 1. The rotor permanent magnet
material of CRHSPMSM is carbon fiber-NdFeB composite.
The winding temperature is measured directly by a ther-
mistor ptl00 pre-embedded in the winding coil. Winding
temperature measurement is used to determine whether the
temperature rise is stable and verify the accuracy of temper-
ature calculation. Because the temperature rise of the rotor
rotating at high speed is difficult to be obtained by direct
measurement, this paper indirectly measures the temperature
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TABLE 6. Sensitivity analysis of control factor.

Permanent magnet
material (°C)
Without With

Stator Winding (°C)
Without With

Temperature rise

hole hole hole hole
Experimental results 39 36 40 34
Calculation result 41.26 38.25 41.91 35.54

rise of the rotor by using the temperature characteristics of
permanent magnet materials. In the stable state, the decrease
in the back electromotive force of the machine is caused
by demagnetization caused by the temperature rise of the
permanent magnet. If the temperature change of the machine
does not exceed 2 °C within 1 hour, the machine is in a ther-
mally stable state. At this moment, the rotor load immediately
decreases to 0, and the no-load back EMF is obtained by
measuring the winding voltage. The no-load back EMF Ej is

Eo = 4fkgpknp N pso 27

For the same machine, the number of turns in series per
phase N, winding coefficient kq, and waveform coefficient
knm are unchanged. The air gap flux ¢g0 provided by the
permanent magnet under no load is

bimoBrAm

P50 = —— (28)
00

bmo is the magnetic density unit of the no-load work-
ing point of the permanent magnet, A, provides the
cross-sectional area of flux per pole for the permanent mag-
net, oo is the no-load magnetic leakage coefficient of the
permanent magnet, and By is the remanence of the permanent
magnet material.

The no-load back EMF of the same machine is proportional
to the remanence of the permanent magnet material at the
same working frequency. Due to the increase of temperature,
the magnetic properties of permanent magnet materials are
weakened, and the residual magnetic induction intensity By
of permanent magnet at temperature #1 is

IL r
By = Byo (1——) [1- % )] @)

100 100

ap, is the temperature coefficient of permanent magnet
material, IL is the irreversible loss coefficient of permanent
magnet material, and By is the remanence of permanent
magnet material at temperature 7. According to formula 29,
the temperature of rotor permanent magnet material can be
obtained by measuring no-load back EMF.

The temperature rise experiment was conducted under two
conditions: with the vent open and with the vent blocked.
When the rotor speed is 20000r/min, the experimental and
calculated results of the temperature of the winding and
permanent magnet material are shown in Table 6. According
to the results, the stator winding temperature decreased by 3
°C and the rotor temperature decreased by 6 °C. The errors
between the calculated results and the experimental results of
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stator winding temperature and permanent magnet material
temperature are 6.3% and 4.5%, respectively. The calculation
error meets the actual requirement of calculation accuracy.
The experimental results verify the accuracy of temperature
rise calculation and the effectiveness of cooling structure, and
provide strong support for the design of axial self-ventilation
cooling system of high-speed machine.

VII. CONCLUSION

This paper proposes an axial ventilation self-cooling rotor
structure based on a CRHSPMSM. The structure makes use
of the centrifugal force produced by high-speed rotation to
make the cooling air axially pass through the interior of the
rotor and improve the cooling environment of the machine.
The cooling efficiency of the cooling structure is analyzed
and the governing equation of the rotating pipe fluid is estab-
lished. The variables affecting the cooling performance are
found out. According to different control factors, the orthog-
onal experiment is designed. The data are obtained by CFD
simulation, the influence ratio of each variable at different
levels is calculated, and the parameter sensitivity of the con-
trol variable is analyzed. The calculation results show that
the heat dissipation effect of the axial ventilation self-cooled
rotor has decreased by 4.17 °C after improvement, and
the cooling efficiency of the cooling system has increased
by 4.6%. This paper provides a reference for the design
of high-speed machine with axial ventilation self-cooling
structure.
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