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ABSTRACT The supercritical CO, Brayton cycle (S-CO, BC) has attracted increasing attention because
of the advantages of high efficiency, better compatibility, and safety, and to further improve the power
density, turbine alternator compressor (TAC) integrated high-speed permanent magnet synchronous machine
(HPMSM) sets are usually used in S-CO, BC power generation devices. In terms of safe operation, it is of
great significance to accurately and quickly obtain the temperature in the coupling state of the machine
and magnetic bearings. Taking a 40000rpm HPMSM set used in S-CO, BC power generation devices as
an example, a new equivalent thermal model of winding is proposed firstly, and the temperature difference
between the equivalent model and the exact model is less than 1.7%. On this basis, the lumped parameter
thermal network (LPTN) model of the HPMSM set under the coupling state of the machine and magnetic
bearings in totally enclosed environment is established. Finally, the steady and transient temperature results
of the HPMSM set are obtained, which are verified by computational fluid dynamics (CFD) method. The
range of absolute temperature error between LPTN model and CFD model is 0.2°C~2.2°C in steady state,
and the relative temperature error is less than 4.2% in transient state. Furthermore, the computational
efficiency of LPTN model is greatly improved compared with CFD model. The research of this paper is of
great significance to temperature analysis and prediction under the coupling state of machine and magnetic
bearings.

INDEX TERMS HPMSM, magnetic bearings, thermal analysis, LPTN.

I. INTRODUCTION of S-CO; BC technology in improving ship fuel utilization,

Due to environmental pollution and energy shortages, renew-
able and sustainable energy sources are gradually replacing
traditional fossil fuels, and higher energy efficiency has
become the most concerning issue for researchers [1], [2].
The S-CO, BC has attracted increasing attention because
of its high thermal cycling efficiency, better compatibil-
ity with structural materials, better safety and reliability,
which has been successfully applied in fields such as nuclear
power plants and solar power tower plants [3], [4]. As a
trend, energy conservation and emission reduction have also
become key issues that urgently need to be addressed in the
field of shipbuilding. Considering the enormous potential
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high-temperature flue gas waste heat utilization, and energy
conservation [5], [6], its application in ship power generation
units is becoming an emerging research hotspot.

In order to improve the power density of the generator and
achieve a highly compact cycle structure, small diameter and
high-speed turbine alternator compressor (TAC) integrated
HPMSM set is usually used in S-CO, BC power generation
devices [5], [7], [8]. Nevertheless, the high-speed charac-
teristic has brought new problems. On the one hand, the
significantly increasing rotor speed results in higher mechan-
ical friction losses [9], [10], [11]. To reduce these losses and
control the vibration and noise, magnetic bearings are com-
monly used instead of mechanical bearings. Meanwhile, extra
losses are also introduced from magnetic bearings, which
have to be considered when conducting thermal analysis and

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

81362

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 12, 2024


https://orcid.org/0000-0001-5562-779X
https://orcid.org/0000-0003-3017-3626
https://orcid.org/0000-0001-9408-1347

L. Bin et al.: Thermal Modeling and Analysis of a HPMSM Coupling With Magnetic Bearings

IEEE Access

cooling design [12], [13], [14]. On the other hand, due to the
smaller size and higher compactness of high-speed machine,
the heat source is more concentrated in space, which is not
conducive to heat dissipation [15]. It can cause critical com-
ponents, such as windings, to overheat, and lead to insulation
aging when the machine is under long-term operation [16],
which would affect the normal operation of the HPMSM set.

The above issues pose higher requirements for the cool-
ing design of high-speed machine coupling with magnetic
bearings. Besides, accurate acquisition of the temperature
characteristics is the premise of cooling design. There are
three main methods for analyzing temperature characteris-
tics: FEM (finite element method), CFD (computational fluid
dynamics), and LPTN (lumped parameter thermal network).
The advantage of FEM and CFD is that they have high accu-
racy and can obtain more detailed temperature characteristics,
but the cost of computation is huge [17], [18]. Therefore,
LPTN is often preferred thanks to their lower computational
effort along with good accuracy [19], [20]. Furthermore,
CFD and FEM are more commonly used to analyze steady
temperature characteristics, in situations where rapid acqui-
sition of transient temperature or real-time monitoring of
temperature is required, LPTN is more widely used due to
its high computational efficiency and good computational
accuracy [21], [22].

However, the current research about LPTN model of
HPMSM coupling with magnetic bearings still needs to be
enriched. At first, there are few studies on the equivalent
thermal model of key components such as stator winding
[23], [24]. Then, most of the existing research established
the LPTN model based on classical mode [19], [20] [27],
[28], [29], but according to theoretical derivation, the T model
should be used for components with loss to obtain more
accurate temperature results [22], [25]. In addition, there are
few studies on LPTN model and thermal analysis under the
coupling state of HPMSM and magnetic bearings. Therefore,
to ensure the safe operation of the HPMSM set and guide
cooling design, it is necessary to establish a fast and accurate
temperature analysis model by using LPTN method under the
coupling state of HPMSM and magnetic bearings.

In this paper, taking a HPMSM set used in S-CO; BC
power generation devices as an example, the thermal model
based on LPTN with high computational efficiency and good
accuracy is established, and the thermal characteristics are
analyzed. Firstly, the key parameters of the HPMSM and
magnetic bearings are introduced, along with the losses.
Then, the equivalent thermal model of stator winding is
proposed through theoretical analysis, and verified by FEM
and experiment. Finally, the thermal model based on LPTN
is established under the coupling state of the HPMSM and
magnetic bearings, and the temperature results in both steady
and transient states are obtained and verified by CFD. The
study in this paper is of great significance to temperature
analysis and prediction under the coupling state of HPMSM
and magnetic bearings
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Il. MODEL ANALYSIS AND LOSS CALCULATION

A. KEY PARAMETERS OF THE HPMSM SET

The HPMSM set for S-CO, BC power generation devices is
composed of front radial magnetic bearing (RMB), HPMSM,
rear radial magnetic bearing, and axial magnetic bearing
(AMB). The specific configuration is shown in FIGURE 1

HPMSM stator  water channel ~Carbon fiber jacket

RMB rotor. RMB winding

AMB stator

thrust plate

.\\\ RMB stator

AMB winding y
RMB pedestal

RMB pedestal PM(permanent magnet)

FIGURE 1. Configuration of the HPMSM set.

The key parameters of RMB and AMB are shown in
TABLE 1. The RMB adopts the 8-pole topological structure,
and the AMB adopts the conventional C-type structure. The
current stiffness and displacement stiffness are shown in
TABLE 2, and the mechanical characteristics of the major
materials of RMB and AMB are shown in TABLE 3. The
cross-section diagrams of RMB and AMB are shown in
FIGURE 2.

TABLE 1. Key parameters of RMB and AMB.

Parameters Symbols Values Unit

RMB stator outside diameter Rgs> 80 mm
RMB rotor outside diameter Ry, 40 mm
RMB airgap length Or 0.6 mm
shaft outside diameter Ry 27.5 mm
AMB stator inside diameter Rusi 51.8 mm
AMB stator outside diameter Rus> 110 mm
AMB thrust plate diameter Ry, 75 mm
AMB airgap length Sy 0.5 mm

TABLE 2. Current stiffness and displacement stiffness of magnetic
bearings.

Components  Current Stiffness/(N/A)  Displacement Stiffness/(N/mm)
RMB 395 28536
AMB 2111 12960

TABLE 3. Mechanical characteristics of materials.

Components Material Elastic Modulus/GPa
RMB stator & rotor 20WTG1500 200
AMB stator No.10 Steel 205
AMB thrust plate 25Cr2Ni4Mov 206

The rated speed of the HPMSM is 40000rpm. The surfaces
of the rotor magnets are wound by carbon fiber, and the
winding is wound by litz wires. In order to restrain the high
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FIGURE 2. Cross-section diagrams of RMB and AMB.

frequency copper loss, especially the circulation copper loss,
the coil transposition is adopted. The HPMSM adopts natural
air cooling and water cooling, and the cooling waterway is
provided in the housing. FIGURE 3 presents the cross-section
diagram of the HPMSM, and its key parameters are shown in
TABLE 4.

FIGURE 3. Cross-section diagram of the HPMSM.

TABLE 4. Key parameters of the HPMSM.

Parameters Symbols Values Unit
stator outer radius Rz 130 mm
stator inner radius Rusr 58 mm

airgap length Ou 3.5 mm

stack length Iy 150 mm

stator slot number N, 24 --
rotor pole pair number p 1 -
rated rotational speed N 40000 rpm

Major materials and their thermal properties are listed in
TABLE 5, where ¢, is specific thermal capacity [J/(kg-K)],
p is density [kg/m3], and A is thermal conductivity
[W/(m-K)]. It is a remarkable fact that the thermal conduc-
tivity of the HPMSM stator and RMB stator and rotor is
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TABLE 5. Material properties.

C Material > £ 4
omponents ateria J/(kgK) kg/m3 W/(Il’lK)
housing Aluminum 871 2660 162
HPMSM stator ~ 20WTG1500 460 7650 26(r)26(r)2(a)
HPMSM rotor 25Cr2Ni4Mov 460 7800 45
RM}?;?;OT & H0WTG1500 460 7650  26(r)26(c)2(a)
AMB stator No.10 steel 470 7900 40
winding Copper 389 8950 398
PM SmCo32H 335 8400 12

anisotropic, and the suffixes r, ¢, and a represent the radial,
circumferential, and axial thermal conductivities respectively.

B. LOSS CALCULATION

As the heat sources in thermal analysis, the accurate calcula-
tion of loss is of great significance. In this section, the loss of
the HPMSM and magnetic bearings under rated operation is
analyzed by both FEM and analytical methods.

1) COPPER LOSS

The rated speed of the analyzed HPMSM set is 40000rpm,
which corresponds to a fundamental frequency of 666.7Hz
for armature currents where the pole pair number of the
machine is 1. In addition, the diameter of the conductors is
Imm, thus besides the direct current (DC) copper loss, the
circulation copper loss and eddy copper loss also should be
considered, which could be obtained by FEM.

2) CORE LOSS
According to the Bertotti core loss model [26], the core loss
Pcore could be expressed as:

Peore = kth,/i + kaszgn + kafl'SBrln'5 1))

where, kj,, k., and k. are the coefficient of hysteresis loss,
eddy current loss, and excess loss respectively, f is the funda-
mental alternating current magnetization frequency [Hz], and
By, is the amplitude of the magnetic flux-density [T].

The kj, k., and k, could be obtained by curve fitting using
the least squares method based on the core loss character-
istics of the silicon steel(20WTG1500), which is shown in
TABLE 6.

TABLE 6. Core loss coefficients of stator silicon steel sheet.

ki W-m>T2s ko/ W-m> T2 kJW o m?  T5g!3
151.39 0.22 2.07

3) PM EDDY CURRENT LOSS
The eddy current loss in the rotor PM caused by the har-
monics in air gap field yields in an alternating magnetization
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period is [27]:

k
[ > 72700,  adt
Te i=1

P, = @

T,
where P, is the rotor PM eddy current loss[W], J, is the
current density in each element[A/m?], A, is the element
area[m?], I, is the rotor axial length[m], o, is the conductivity
of the eddy current zone[S/m], and T, is the time correspond-
ing to an alternating magnetization period in each element.

4) AIR FRICTION LOSS

The air friction loss of the HPMSM set can be divided into
two parts. The first part of air friction loss occurs in the air
gap of the HPMSM and RMB, which could be calculated by
the following equation [28]:

Poir = kcfnpairw3r4l

(8/r)°3 4
Cr =015 5. (500 < Re; < 10%)
5
S 0.3
C — 003250 " /rgz . (10* < Rey)
; 1)
R%:M 3)
Mair

where k is the rotor surface roughness coefficient, Cy is the
air friction coefficient, Re; is the Reynold number, pg;, is air
density[kg/m3], w is rotation angular velocity of rotor[rad/s],
r is the rotor outer radius[ml], /, is the axial length of rotor[m].

The other part of air friction loss occurs in the air gap
between thrust plate and stator in AMB, which could be
calculated by the following equation [14]:

Pair = 0.5C; pair@™(r3 —17)

64 (Re 30)
= s <
! 3Re, "
3.87 5
Cf:Re(r)j’ (30 < Re, <3 x107)
0.146 s
Cr = Re?‘z’ (3 x 10° < Re;)
2
Re, = 227 )
Mair

where r; and rp are the inner radius and outer radius of the
rotor respectively[m], Re, is the Reynold number.

In summary, the loss of the HPMSM and magnetic bearings
is given in TABLE 7.

lll. THERMAL MODELLING OF LPTN

A. WINDING EQUIVALENT THERMAL MODEL

1) SLOT-IN WINDING EQUIVALENT THERMAL MODEL

As one of the most important components, the heat dissipa-
tion of stator winding is directly related to the safe operation
of the machine. However, modeling the actual stator winding
is not only difficult but also greatly increases the amount
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TABLE 7. Loss of the HPMSM and magnetic bearings.

Components Loss Value/W

copper loss 34.1
core loss of stator 3.7

RMB core loss of rotor 129.7
air friction loss 99.5

copper loss 1217

HPMSM core loss of stator 3690
PM eddy current loss 160

air friction loss 1063

copper loss 14.7

AMB air friction loss 36.8

of computation. Therefore, the equivalent thermal model
of stator winding is important to analyze the temperature
quickly and accurately.

As to the HPMSM set in this paper, the RMB and HPMSM
adopt scatter winding, which means that the copper wires
can be regarded as uniformly arranged in the slot. Thus, the
stator winding of RMB is selected to establish the equivalent
thermal model. Besides the copper wires, there is epoxy
resin, impregnating varnish, wire enamel, slot wedge, and
insulation paper in the slot, which could be treated as equiv-
alent insulation layer here. An equivalent thermal model is
proposed in FIGURE 4.

FIGURE 4. Equivalent thermal model of slot-in winding.

As is shown in FIGURE 4, the stator winding could be
divided into many units, every single unit is composed of
a copper wire and the equivalent insulation layer around
it. The circular wire is equivalent to a square based on the
conservation of volume:

R2
lo= /7R = % )

where R, is the diameter of the bare copper wire[m], Sy is
the bare wire fill factor, which could be obtained by Sy =
N nR% /Ss, N is the number of copper wires, and S; is the area
of slot[m?].

Assuming that the heat transfer in radial, circumferential,
and axial directions is independent of each other, so a single
heat conduction unit in the slot can be decomposed into the
structure shown in FIGURE 4 (a), (b), and (c), and the thermal
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conductivity of the equivalent insulation layer is 0.2W/(m-K)
according to [29].

The equivalent thermal conductivity of a single heat con-
duction unit in the circumferential direction could be derived
as:

Reil = L
V=050 — 1)l A
050 —1)
ci2 = lal)l,,'
A
R.= — 6
=k (6)
1
Rce = 2Rci2 + 1 1 1
Reil Reil Rec

_ (I+58 — \/§)M + (\/§ —Sp)Ae

7
L2 (= /5% + 5] @
. M= SOM+ SiAd

lalRee — (1 S¢ — JSpki + (/57 — Sp)e

where A, and A; are the thermal conductivity of copper
and equivalent insulation layer respectively[W/(m-K)]. Given
Ae > A, the equation (7) could be simplified as the
following:

5

Similarly, the equivalent thermal conductivity of a single
heat conduction unit in radial and axial direction can be
obtained as follows:

Ace ©))

0.5( — 1)
Ry = —————
! Ila s
R = !
"2 050 — L)k
R, = L (10)
T LA
1
Re= v 77—
Riin Ryin 2Ri1+Rye
~ (1 — /S + /S i o
lali[(l - \/L§ + Sf)lc + (\/k§ - Sf))n]
I
)Lre -
lalRye
Al - VS + S + (JSp — S
(1= /3D + /57 A
1 — JS; +S)A
~ ﬂ (12)
N
la
Rai1 =
YT 05U = 1)l As
la
Run =
27050 = )i
la
Ry = 13
i (13)
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=ttt PlA—S)hi+Sphl

ail

Rae =

(14)

lle?ae =1 =S)A + Sphe (15)

Nevertheless, the radial and circumferential thermal con-
ductivity of the equivalent thermal model should be equal
according to the assumption that the copper wires are uni-
formly arranged in the slot, which does not agree with the
derived results in equations (8) and (12). As a consequence,
the topology above will naturally introduce errors, so it is
necessary to propose an improved topology.

The improved topology of a single heat conduction unit is
shown in FIGURE 5, and the equivalent thermal conductivity
in radial and circumferential directions is derived as follows:

Afae =

R 05U+1)
=050 — Il
R 050—L)
2 =050 + Il
R = # (16)
Ryce = 2Rpein + 1 11 1
Rreit  Rpcil + Riee
1 2-25 1+ /8
Tl [(1 + /SpHA; . 2/Sp)i + (1 +J§)JJ
(17
P I (428 + Sk + (2 — 25/}
T LRy (5 —6/S; +58p)A + (2 — 28p)Ac
o (1+2/Sf + Sk (18)

2 =25

TR |
e
e
[ =~ J
]
Iy

Sy

FIGURE 5. Improved topology structure of slot-in winding equivalent
thermal model.

The equivalent thermal conductivity in axial direction is:
41, l

Rai = ) ac — = 19

(= 1)1 + I\ 22, (19)

Rue = ! = la (20)
TR Pl -8+ SpAd

)vaezl_az(l_sf)li‘i‘sflc (21)

lzRae
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2) END WINDING EQUIVALENT THERMAL MODEL

As the stator winding of RMB is wrapped around the teeth,
it could be equivalent to a ring form as shown in FIGURE 6.
In this case, the equivalent thermal conductivity in radial,
circumferential, and axial directions of the end winding cor-
responds to the equivalent thermal conductivity in radial,
axial, and circumferential directions of the slot-in winding,
respectively.

(A) ACCURATE MODEL (B) EQUIVALENT MODEL

FIGURE 6. Equivalent thermal model of end winding.

As to the end winding of the HPMSM, because the hairpin
form winding is adopted, which could be approximated to a
straight-line segment, the equivalent thermal conductivity of
it in different heat transfer directions is the same as slot-in
winding.

Above all, for the HPMSM set in this paper, the Sy of the
winding in RMB and HPMSM is 0.45 and 0.48 respectively,
so the equivalent thermal conductivity of the winding in RMB
and HPMSM can be obtained and shown in TABLE 8.

TABLE 8. Equivalent thermal conductivity of the winding in RMB and
HPMSM.

Components Direction AW-mK!
radial 0.51
slot-in winding circumferential 0.51
axial 179.21
RMB radial 0.51
end winding circumferential 179.21
axial 0.51
radial 0.55
slot-in winding circumferential 0.55
HPMSM axial 191.14
machine radial 0.55
end winding circumferential 0.55
axial 191.14

Based on the conservation of mass, the specific heat capac-
ity ¢, and density p of the equivalent thermal model of
winding in RMB and HPMSM are shown in TABLE 9.

TABLE 9. Specific heat capacity and density of winding equivalent
thermal model in RMB and HPMSM.

Components /I 'kg!K! pkgm?
RMB 1444.1 4687.5
HPMSM 1387 4920

3) VERIFICATION WITH FEM AND EXPERIMENT
To verify the accuracy of the proposed equivalent thermal
model, the exact model and equivalent model of the winding
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in RMB is established using FEM. The boundary conditions
are set as shown in FIGURE 7, and the thermal contours
of them under the same cooling conditions are obtained in
FIGURE 8.

convection boundary: h=8w/(m>k); T=25°C convection boundary: h=8w/(m?k); 7=25°C
v v

stator core stator core

S B q &
Periodic_| \ :f:;‘i‘::e _periodic periodic__| equal / periodic
boundary L e 5 boundary boundary winding / boundary
e
. \ i
v 0

convection boundary: A=50w/(m?>k); 7=90°C

convection boundary: /=50w/(m?k); 7=90°C

FIGURE 7. Accurate model and equivalent model of slot-in winding.
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FIGURE 8. Comparison of thermal contours.

As shown in FIGURE 8, the high-temperature regions of
the exact model and the equivalent model are both located
in the middle region of the RMB slot, showing the consis-
tency of spatial distribution characteristics. Moreover, the
lowest to highest temperature ranges of the exact model and
the equivalent model are 119°C~138°C and 121°C~137°C
respectively, with a relative difference within 0.7%~1.7%,
which shows that the proposed equivalent thermal model has
high precision

The accuracy of the proposed equivalent thermal model
was further verified by experiments in [30]. The relative
difference between the calculated temperature, which was
obtained by using the equivalent thermal model, and the
experimental temperature was about 7%.

B. 3-D LPTN MODEL
1) THERMAL NODES PARTITION
The calculation of LPTN model is based on the heat transfer
theory and the thermal network topology. At present, the
LPTN model of the machine mainly considers the inde-
pendent heat transfer in radial and axial directions, but for
the typical “Sandwich” structure of stator teeth and stator
winding, the internal circumferential thermal resistance must
be considered. To balance the efficiency and accuracy of
calculation, the following settings are made:

(1) Uniformly distributed thermal capacity and heat
generation;

(2) Independent heat transfer in radial, circumferential, and
axial directions;

(3) Taking a single slot as the basic unit when consider-
ing the circumferential thermal resistance, the temperature
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between each basic unit is distributed symmetrically along
the circumferential direction;

(4) Considering the periodic symmetry of the machine in
the circumferential direction, the smallest symmetric unit is
taken to establish the LPTN model.

According to the composition of the HPMSM set, it is
divided into four sub-models: front RMB, HPMSM, rare
RMB, and AMB as shown in FIGURE 9. The specific
nodes division of each sub-model and the heat transfer paths
between each node are shown in FIGURE 10.

front RMB

HPMSM machine

FIGURE 9. Division of the HPMSM set.

2) THERMAL CONDUCTION RESISTANCE

The key to establishing the LPTN model lies in the calculation
of thermal resistance. According to the theory of heat transfer,
the thermal resistance for different heat transfer modes is
shown in TABLE 10.

TABLE 10. Thermal resistance calculation basic equations.

Modes Equation Description
L is the length along the direction of heat
I conduction[m]; k is the thermal
conduction Reppa=— conductivity[w/(m-K)]; 4 is the area

perpendicular to the direction of heat
transfer[m?]

h, is the convective heat transfer
coefficient{w/(m*K)]; 4 is the heat
dissipation area[m?]

1 h, is the radiant heat transfer
coefficient[w/(m>K)]; 4 is the heat
dissipation area[m?]

‘

convection  Reopy =

h

(4

BN

radiation Ry =

=
N

.

Generally, the effect of heat radiation can be ignored in
electric machines, and heat conduction and heat convec-
tion are the main forms of heat transfer. According to the
periodic symmetry, the key components (i.e. stator winding,
stator core, rotor core, etc.) can be equivalent to the basic
structure in the form of the hollow cylinder, as shown in
FIGURE 11(a). Depending on whether there is a heat source
in the component, the classical model or T model can be
selected to calculate the thermal conduction resistance, seeing
in FIGURE 11(b) and (c). The specific calculation equations
are summarized in TABLE 11 [31]. In this paper, the T model
is adopted to calculate the thermal conduction resistance of
the components with heat sources, such as windings, per-
manent magnets, etc., and the classical model is adopted to
calculate the thermal resistance of the components without
heat sources, such as housing, shaft, etc.
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TABLE 11. Calculation equations of different models.

Type Direction Calculation Equation
In(r, / 1)
. R, =R, =-—2hlh
radial n =l =T ar k.
i 0
c}ﬁzs&z?l circumferential Ry=R,= W Lin(s /1)
c 2 1
L
; R =R, =——~
axial a1 = Ok, (r - 1)
2
R, = 1 21r1(7r2 /rL)r2 .
20Lk, =
1 2In(r, / 1)1’
R,= 1- 22
. 20Lk, r =N
radial | °
Ry=r 5
40Lk,(r, — 1)
22
.|:r22 NN hrzlr_l(rrzz/ V.)}
T model 2
Rcl = RL2 = #
2Lk, In(r, / 1)
circumferential o 0 3 2 e
S 2Lk | In(n/R) K-
L
Ry=R,=— ">
) al a2 kag(rzz _ r]Z)
axial I

R.—— =
T 3k,007 — 1)

3) THERMAL CONVECTION RESISTANCE

The key to calculating the thermal convection resistance is to
obtain the CHTC (convection heat transfer coefficient), and
researchers have done a lot of work in this area.

The CHTC ho between the outer surface of the housing
and the environment, and the CHTC h; between the rotating
shaft and the internal air can be obtained from the
following equation [25]:

T .
ho = 14(1 + 0.5/i)(~22 )3 (22)
h1 = 15.5(0.3%rspen + 1) (23)
where v is the velocity of air[m/s], Tympiens is the ambient
temperature[K], w is the speed of machine[rad/s], 7gqy is the
diameter of the rotating shaft[m].

The CHTC h; between the inner surface of the housing and
internal air, and the CHTC h3 between the rotor end surface,
rotor axial ventilation holes and internal air can be calculated
by the following equation [32]:

hy = 6.5 4 5.25(wryer)™¢ (24)
h3 = 16.5(wr )" (25)

where r,,; is the average diameter of rotor[m].
The CHTC hy4 between the end winding and internal air can
be obtained by the following equation [33]:

hs =41.4(1 +0.15v) (26)
where v is the velocity of air[m/s].
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— radial
— circumferential
— axial

(D) AMB

FIGURE 10. 3-D LPTN thermal model of the HPMSM set.

The CHTC hs between the rotor and stator surfaces and air be obtained by the following equation:
gap can be obtained according to [34]:

NuAgir 2 Ta < 1700
- 27)
$ Nu=1{0.128 7a°3°71700 < Ta < 10* (28)

where Ay is the thermal conductivity of air[W/(m-K)], & is 0241 1 4 -
the length of air gap[m], Nu is Nusselt number, which could 0409 Ta 10" <Ta <10

hs
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(a) basic equivalent structure

(c) T model

FIGURE 11. Thermal conduction resistance models.

where Ta is Taylor number and could be obtained by:

Re?s
Ta = , Re
r Mair Mair

_pv8 _ powrd

(29)

where [, is the dynamic viscosity of air[kg/(m-s)], r is the
diameter of rotor[m].

The Reynolds number of the cooling water in machines
generally exceeds 10000, which can be determined as turbu-
lent flow, and the CHTC /g between the surface of the channel
and water can be obtained by [35]:

Ni

he = M (30)
d,
1/3
Nu = 0.023Re®S Pr(HL)0.14
Hw

Re — pvd, _ P 2ab

Mwater Mwater @ +Db

C /‘Lwater
pr = 2w 31

)vwater

where Ayqrer is the thermal conductivity of water[W/m-K],
p is the density of water[kg/m3], Hwater 1 the dynamic vis-
cosity of water[kg/(m-s)], d, is the hydraulic diameter[m],
a and b are length and width of water channel respectively[m],
v is the velocity of water[m/s], us and w,, are the dynamic
viscosity of water under the average temperature and wall
temperature respectively[kg/(m-s)].

IV. THERMAL ANALYSIS AND CFD VERIFICATION
A. LPTN MODEL CALCULATION

The steady-state thermal equations of the LPTN model can
be given in the following form:

GT =P (32)
where G is the inter-nodal conductance matrix[K/W], T is the

nodal steady-state temperature distribution [K], and P is the
column vector of nodal power loss[W]. Matrix G is formed
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by the thermal conductivities of every path as:

TN 1 1]
,El Rk,1)  R2,1) RN,
1 S| 1

G=| R21 “Rk?2 = RN,2)
1 1 N

| RWN,1)  R(N,2) ,El Rk, N) |

(33)

where R means the thermal resistance between two nodes, and
N means the order of G. G and P can be obtained from the
previous content.
The transient temperature rises can be expressed by:

dT

= MC)™'P — MC)"'GT (34)
where matrix M is the mass of materials[kg], matrix C is the
specific heat [J/(kg-K)]. The analytical solution to the matrix
differential equation is derived as [27]:

T(t) = ATDT (@) +A7 (A0 — DB (35)

where I is the unit matrix, 7 is set as 0 in the following
analysis, and matrices A and B can be obtained by:

A=-MC)"'G
B=MC)'P (36)

Thus, the transient temperature rises can be obtained.

B. LPTN RESULTS AND CFD VERIFICATION

1) CFD CALCULATION SETUP

To verify the accuracy of the established LPTN model, CFD
method is used to obtain the temperature characteristics of the
HPMSM set, and the results of LPTN and CFD are compared
with each other. The ambient temperature and cooling water
temperature are set at 35°C, which are as same as those in
LPTN model. The cooling water flow rate is 20L/min. The
loss and material settings are consistent with those mentioned
above. To reduce the calculated load, the minimum symmet-
rical model is also selected for grid division, as shown in
Fig. 12, in which the total node number is 359 2908, and
orthogonal quality is 0.15.

FIGURE 12. 3-D meshed model.
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2) STEADY TEMPERATURE RESULTS T T T T T
The steady-state temperature results of the HPMSM set 100 |- 967 972 -
under LPTN and CFD models are obtained and shown in
FIGURE 13. It can be seen that for the temperature results 80 H 757 769 771 772 -
obtained by LPTN and CFD models, the highest temperature [ 208 T
appears in the same component, the rotor PM of the HPMSM.
The absolute temperature difference of PM between LPTN
model and CFD model is 0.2°C, and the relative tempera-
ture difference is 0.16%. In addition to the rotor PM, for
other components listed in FIGURE 13 that need to be paid 20
attention to (i.e. stator winding of HPMSM, stator winding
of RMB and AMB, rotor of RMB, etc.), the temperature
results of LPTN model are in good agreement with them of rofor. . slot-in winding end winding  stator tecth __ stator yoke
CFD model. For all these important components, the absolute (A) FRONT RMB
temperature difference ranges from 0.2 °C to 2.2 °C, and 1 e 2' ' ' o
the relative temperature difference ranges from 0.16% to 120 B

2%, which verifies the accuracy of the established LPTN [ Mesuor 1105U27
model. 100 7 ]

60 —

Temperature/°C

40 H u

3) TRANSIENT TEMPERATURE RESULTS

The comparison of the transient temperature results under
LPTN model and CFD model is shown in FIGURE 14.
Firstly, it can be seen that the trends of the temperature-time
curves obtained by LPTN and CFD are completely consistent, 20 H .
and the temperatures of individual components match well at
each time point. Specifically, among the temperature results PM  slot-in winding end winding _stator teeth  stator yoke
obtained by the LPTN model, the component that best agrees (B) HPMSM
with the CFD temperature results is the rotor of front RMB, 120 ' ' '
in which the absolute temperature difference is less than 0o [2T1028 ey |
1.9°C. and the worst-matched component is the stator teeth of

the HPMSM. However, for the worst-matched component of 821828 8 836
the HPMSM set, the absolute temperature difference at each
time step is within 4.1°C during the whole simulation time,
and the relative temperature difference is within 4.2%. The
transient temperature results further verify the accuracy of the

60 - 55.7 55.9

Temperature/°C

40 H i

%
S
T

773 76.6 -

Temperature/°C
[=2)
(=]
T
1

'S
S
T

I

established LPTN model.

The computational efficiency of LPTN model and CFD 20r N
model is also compared. The LPTN model is run in
MATLAB, and the CFD model is run in Fluent. The com- O o o winding end winding _stator teeth _ stator yoke
puting platform is a desktop computer, the processor is “ (C) RARE RMB
i5 9600KF@3.7Ghz, 32G RAM. Record the cost time for ' ' ' )
MATLAB and Fluent to simulate the same time steps, and K [ Jirmy
compare the calculation time, as shown in TABLE 12. 1 0 [ B 7 &8s

>N
S

T
1

v
S
T

1

TABLE 12. Computational time for LPTN model and CFD model.

Temperature/°C
IS
o
T
1

Model Calculation Time 30 F i
LPTN 7.1s
CFD 125.3min 20 | B

=)
T
1

From the above results, it can be seen that the LPTN
model established in this paper has significant advantages in winding 1 winding 2 stator 1 stator 2
terms of required computing resources, and has quite high (D) AMB
computational accuracy.

FIGURE 13. Steady-state temperature results.
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FIGURE 14. Transient temperature results.

V. CONCLUSION
For a 40000rpm HPMSM set, the LPTN model under the
coupling state of the machine and magnetic bearings is estab-
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lished in this paper, and its temperature characteristics are
analyzed. The following conclusions are obtained:

(1) The equivalent thermal model is derived for the scatter
winding. Based on the analysis of the inherent errors of the
conventional equivalent thermal model, an improved equiv-
alent topological structure is proposed, and FEM is used to
verify it. The results show that the temperature error between
the improved equivalent thermal model and the precise ther-
mal model is within 0.7%~1.7%, and the error with the
experimental results is about 7%, which verifies the accuracy
of the proposed improved equivalent thermal model.

(2) A 3D LPTN model is established based on the classical
heat transfer model and T heat transfer model for the HPMSM
set, and the mounted LPTN model under the coupling state of
the machine and magnetic bearings is obtained.

(3) The temperature characteristics of key components of
the HPMSM set are obtained based on the established LPTN
model and compared with CFD model. The results show that
the established LPTN model has significant advantages in
computing efficiency compared with CFD method, and the
results under LPTN model are in good agreement with those
under CFD model with a relative difference less than 2% in
steady state and 4.2% in transient state respectively, which
verifies the accuracy of the proposed LPTN model.

This paper has certain significance for the rapid and accu-
rate analysis of temperature under the coupling state of
HPMSM and magnetic bearings, even for temperature pre-
diction. The accuracy of the established LPTN model can be
further verified by experiment.
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