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Abstract: The axial-flux permanent magnet (AFPM) machines with yokeless and segmented armature
(YASA) topology are suitable for in-wheel traction systems due to the high power density and
efficiency. To guarantee the reliable operation of the YASA machines, an accurate thermal analysis
should be undertaken in detail during the electrical machine design phase. The technical contribution
of this paper is to establish a detailed thermal analysis model of the YASA machine by the lumped
parameter thermal network (LPTN) method. Compared with the computational fluid dynamics (CFD)
method and the finite element (FE) method, the LPTN method can obtain an accurate temperature
distribution with low time consumption. Firstly, the LPTN model of each component of the YASA
machine is constructed with technical details. Secondly, the losses of the YASA machine are obtained
by the electromagnetic FE analysis. Then, the temperature distribution of the machine can be
calculated by the LPTN model and loss information. Finally, a prototype of the YASA machine is
manufactured and its temperature distribution under different operating conditions is tested by
TT-K-30 thermocouple temperature sensors. The experimental data matches the LPTN results well.

Keywords: lumped parameter thermal network (LPTN); losses; temperature distribution; yokeless
and segmented armature (YASA)

1. Introduction

Electric vehicles driven by four in-wheel electrical machines make the traction system
more simplified and flexible [1]. In the limited volume, the yokeless and segmented
armature (YASA) axial flux machine is capable of producing larger torque compared with
radial flux machines [2-5]. The yokeless segmented stator core and the centralized short-
distance windings make it more efficient and give it a higher power density [6,7]. Therefore,
YASA machines are potential candidates for in-wheel traction applications.

It is well-known that losses cause the temperature rise of electrical machines, which
can weaken the machine’s performance and even damage electrical machines [8]. The
insulation system of armature winding and thermal characteristics of the permanent magnet
limits the maximum temperature of the electrical machines. The YASA machines feature
a high power density, which means a high loss density as well [9,10]. When machines
produce the peak torque under the peak current, a high copper loss is generated, making
the winding temperature rise rapidly. That challenges the insulation system of the electrical
machine. To ensure the reliability of the YASA machine, the thermal performance should
be thoroughly considered [11,12].

There are three typical methods for the thermal analysis of YASA machines, i.e.,
the computational fluid dynamics (CFD) method, the finite element (FE) method, and
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the lumped parameter thermal network (LPTN) method [13-21]. The CFD method can
calculate the convective heat transfer coefficients, which are significant in electrical machine
design [1,13]. However, the CFD model is usually complicated, which means it requires
several days or even a week to establish and calculate the thermal model [14]. In [15], a
novel stator cooling structure is introduced to improve the temperature distribution of the
YASA machine, and the CFD method verifies the proposed cooling structure. The CFD
method is applied in [16] to calculate an innovative water-cooling system for the YASA
machine. The FE method can obtain an accurate temperature distribution, but it requires
several hours to calculate the model and the boundary processing is complicated and
difficult [17,18]. In [17], both analytical and experimental investigations into the air-cooling
of a YASA motor for in-wheel traction are presented. In [18], a stator heat extraction system
for YASA machines is introduced and modeled, and the thermal analysis is calculated
by the FE method. The LPTN method divides the electrical machine into several nodes
corresponding to the machine components and the heat-source distribution [19,20], which
can guarantee the analysis accuracy while keeping it fast compared with the CFD and FE
methods. For machines with complex structures, accurate temperature distribution can
be quickly obtained by LPTN. Therefore, this paper only focuses on a LPTN model of the
YASA machine.

To the best of our knowledge, only a few papers have used the LPTN method to
compute the temperature distribution of YASA machines. For example, in [21], the short-
time duty and the intermittent duty of a 4 kW YASA machine are calculated based on
the LPTN method. In [22], a lumped parameter T-type thermal network model is applied
to the YASA machine temperature calculation, but it mainly focuses on the calculation
of core loss rather than the total losses. In [23], a 3D LPTN model is developed and
experimentally validated, where the air-cooling channels between permanent magnets on
the rotor plates are also considered. However, it only constructs the thermal models of the
stator (including the armature winding and stator core) and rotor without considering the
other components of the YASA machine. The main technical contribution of this paper
is to use the LPTN method to construct a detailed thermal model for the YASA machine
including all components. The temperature distribution of the YASA machine is obtained
rapidly and accurately by considering the losses calculated by the FE method. The LPTN
model can provide a reference for the thermal analysis of YASA machines, which not only
ensures the thermal reliability of the machine, but also saves time and calculation resources
in the machine design phase.

This report is arranged as follows: In Section 2, the topology of the YASA machine
is introduced, and the corresponding design parameters are listed. Then, in Section 3,
the detailed thermal model of the YASA machine is established, and the corresponding
thermal resistance of all components is deduced. To obtain the temperature distribution,
the calculated losses are introduced into the entire thermal model of the YASA machine, as
described in Section 4. After that, in Section 5, the prototype test proves the accuracy of the
thermal network model. Finally, this paper is concluded in Section 6.

2. Topology of the Studied YASA Machine

In this section, the structure and design parameters of the YASA machine are introduced.

2.1. Structure

Similar to the radial-flux permanent magnet (RFPM) machines, the YASA machines
belong to the category of permanent magnet (PM) machines. However, the magnetic flux in
the air gap of YASA machines is different from that of the RFPM machines. The magnetic
flux of the YASA machines is along the axial direction in the air gap, while that of the RFPM
machines is along the radial direction. Compared with the conventional RFPM machines,
the YASA machines can generate a higher performance when the radial diameter is larger
than the axial length [1,8,17].
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The YASA machines consist of a yokeless and segmented stator and double external
rotors [8]. The main magnetic flux of YASA machines, shown in Figure 1, starts from the
N-pole permanent magnet and passes through the stator core to the S-pole on the other
side. After passing through the rotor core on the second side, the flux starts from the N-pole
on the second side and passes through the stator core to the S-pole of the first side. Finally,
the main magnetic flux forms a closed loop.

o

LU
——

Figure 1. The main magnetic flux of the YASA machines.

The construction of YASA machines possesses many significant advantages. The
segmented stator core equipped with a concentrated winding having short end-windings
that result in a high filling factor and low copper losses. The structure of a yokeless stator is
beneficial to decreasing mass and core loss [1,8,17]. In addition, YASA machines generally
exhibit low self-inductance and mutual inductances among the phases, which improve
fault tolerance and operation reliability [16,19].

The YASA machine investigated in this paper is shown in Figure 2, where the x-axis,
y-axis, and z-axis, respectively, represent the circumferential direction, axial direction, and
radical direction. The YASA machine can be divided into the stationary part and rotating
part, where the stationary part includes the stator core, armature winding, supporting
frame, and shaft, and the rotating part includes permanent magnets, rotor core, and the
housing.

B Permanent magnet
B Housing
Rotor core
Bearing
W Stator core
m Support frame
W Shaft

(a) (b)
Figure 2. Structure of the YASA machine: (a) 3-dimensional structure; (b) view of the cross-section.

2.2. Design Parameters

A 5 kW prototyped machine was developed to validate the thermal analysis of the
YASA machine. The main performance and geometric parameters are listed in Table 1.

Table 1. Key parameters of the studied YASA machine.

Parameters Values Parameters Values
DC voltage (V) 72 Active outer diameter (mm) 270
Rated power (kW) 5 Active internal diameter (mm) 190
Rated speed (r/min) 480 Active axial length (mm) 45
Rated torque (Nm) 99 Rotor core thickness (mm) 4.8
Rated current (Arms) 17 Permanent magnet thickness (mm) 34
Slot number 36 Pole arc coefficient 0.83

Pole number 32 Air gap (mm) 0.9
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3. Construction of the LPTN Model

In this section, the LPTN models of different components of the YASA machine are
constructed. Generally, there are three main parts taken into account, i.e., the stationary
part, the rotating part, and the YASA machine assembly. The thermal model of the YASA
machine involves many parameters (including geometric parameters and heat transfer
coefficients). The geometric parameters of the YASA machine are determined by the
intelligent optimization algorithm in the machine design process. Additionally, the heat
transfer coefficients are identified by fine-tuning against simple test data through a genetic
algorithm [24].

3.1. Thermal Model of the Stationary Part

In this subsection, the thermal model of the stationary part is introduced, which
includes the armature winding, stator core, support frame, and shaft.

3.1.1. Armature Winding

The armature winding is the main heat source, especially when operating at peak
torque with peak current. The heat dissipation of the armature winding is difficult, because
the winding is in the middle of the YASA machine. Additionally, the winding is relatively
dispersed, resulting in uneven temperature distribution. Hence, it is difficult to build a
detailed thermal model.

This paper uses the layered winding model from [25], in which the coil of the armature
winding is regarded as a uniform heat conduction material. The actual thermal conductivity
is replaced by an equivalent thermal conductivity k.

The armature winding includes the outer end-winding, inner end-winding, and slot-
winding. Figure 3 shows the specific position of the armature winding. Each section of the
armature winding is represented in Figure 4. The numbers in Figure 4 correspond to those
marked in Figure 3.

1 — The contact surface between the slot-winding and stator core:
2 — The separating surface of the slot-winding;:

3 — The inner surface of outer end-winding;:

4 — The outer surface of outer end-winding;

5 — The inner surface of inner end-winding;

6 — The outer surface of inner -winding.

Outer end-winding
Slot-winding
Inner end-winding

Figure 3. Position in the cross-section of the segmented stator.

Inner-Air

Figure 4. The thermal model of a single segmented armature winding.
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For both the inner and outer end-winding, axial thermal resistances (Rwo,y, Rwoy_air,
Ruwo—ya, Rw—y) and radial thermal resistance (Ry—x) are considered. Since the axial cross-
section of the end-windings remains unchanged, the axial thermal resistances are approxi-
mately constant. The radial thermal resistance changes with the radius. For instance, the
axial thermal resistance of the outer end-winding is

Lwo—y

)

Ryo—y =
wo—y de Sw()iy
where Ly, —y is the distance of adjacent nodes at the outer end-winding, and Sy, is the
area of the corresponding region between nodes, as shown in Figure 4.
Between the outer end-winding and inner-air (including the air gap and air inside the
YASA machine), there are axial thermal resistances Ryoy—gir and Ruo—ya-

1
Rwoyfuir = ERwofy + Rwofyu ()

1
kwdoutswofy

Rwo—yu = (3)
where Ryo—yq is the convective thermal resistance and kg4, is the equivalent convective
heat transfer coefficient.

Similarly, the cross-section of slot-winding is constant. The thermal resistances of the
slot-winding (including the axial thermal resistance Ry, and radial thermal resistance
Ry—yx) are regarded as unchanged. The expressions follow:

Hya /5
Ru-y = 7yg—— 4)
(%"’/5 X Ls) X Kepd
Nyl /5
Ry—x = Z (5)

(%/5 x LS> X kg

where W,; and H,,; represent the width and height of slot-winding, respectively. L; is the
difference between the outer and inner radius of the stator core.

When calculating the thermal resistance R4 between the slot-winding and stator
core, the thermal resistance of slot insulation should be taken into account:

1
Rudse = Ewax + Rpx—s + Rocx (6)

Wi

Rixs = (%/5 X L5> X ki

@)

where Rj,_ is the thermal resistance of the slot insulation, W; is the equivalent thickness of
the slot insulation, k; is the equivalent thermal conductivity of the slot insulation, and Rs.y
is the thermal resistance of the stator core along the x-axis. In addition, there are thermal
resistances Ry,; and Ry, between the slot-winding and both end-windings, respectively,
as shown in Figure 4.

3.1.2. Stator Core

The complete thermal model of the stator is shown in Figure 5. It should be noted that
the thermal model of the armature winding and segmented stator core can be consolidated
into a single node [19]. R,y and Reigy are the equivalent thermal resistance of the armature
winding along the x-axis and y-axis, respectively. Ry, is the thermal resistance of the slot
insulation. Ry, is the convective thermal resistance between the armature winding and
inner-air. Py, g0; and Cy, g1+ represent the loss and heat capacity of the 1/4 slots, respectively.
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Pgc siot and Cg 51o¢ represent the loss and heat capacity of the 1/2 stator core, respectively.
The heat capacity is defined as follows:

Cy = cymiy (8)

where m, and cy are the mass and heat capacity, respectively.

Inner-Air

Rwin
Cia

T

3 Armature Winding
Il Stator Core

Bl Supporting Frame
Il Inner-Air

Stator

Reiax Rix  Rsex Rsex Rix

Cw, slot Rsesu

Reciax

Supporting
Frame

Figure 5. Thermal model of the single-segmented stator.

Rsex and Rscy are the thermal resistances of the stator core along the x-axis and y-axis,
respectively. The calculations are as follows:

Wt /2
Rsex = H ! (9)
ft X Lskiron
Hst/4
Repy = — 7 10
Y Wsthkiron (10

where W;; and H; are the width and height of the stator core, respectively, and kj,, is the
thermal conductivity of the stator core.

Owing to the symmetrical structure, Figure 5 can be further simplified to Figure 6.
Figure 6 is the thermal model of the stator core, which constitutes the entire thermal model
of the YASA machine (discussed in Section 3.3). P, and Cy, represent half of the copper
loss and heat capacity. Ps; and Cs. represent half of the stator core loss and heat capacity.
The convective thermal resistance between the stator core and inner-air present is Rgj.

- Inner-Air
Rwin/zQ

o
Cin
Rscin/z Q

3 Armature Winding
R«/2Q  HH Stator Core
Stator I Supporting Frame
Hl Inner-Air

Rciny/ 2 Q I

w CSL‘

Supporting

Frame
Figure 6. Simplified thermal model of the segmented stator.

3.1.3. Support Frame

The segmented stator core is shown in Figure 7a. In Figure 7b, there are matched
cages on both sides of the segmented stator cores for support. The cages are connected by a
circular connector with a support frame.
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= e
— Stator
4 T core

@) (b)

Figure 7. Stator: (a) segmented stator core; (b) stator core and cages.

Cage

The thermal model of the support frame is shown in Figure 8. The support frame
connects with the stator core and shaft. The thermal resistance between the support frame
and stator core is Rscsy, as shown in Figure 6. The thermal resistance between the support
frame and shaft is Ry,q;. In addition, there is thermal resistance Ry,;, between the support
frame and inner-air. The calculation equations follow:

Lscsu
R = — 11
s Sscsukair ( )
Lsush
R _ sus 12
sush Ssushkair ( )
_ Hsy
Ssush = 27TRy; > TRy Hsy (13)

where s, is the tolerance clearance between the support frame and stator core, ly,g, is the
tolerance clearance between the support frame and shaft, Sy is the area of the tolerance
clearance between the support frame and stator core, Sy,q, is the area of the tolerance
clearance between the support frame and shaft, and k;, is the thermal conductivity of air.
Rsyi and Hgy, are the inner radius and height of the connector.

Inner-Air Supporting Frame  Shaft

B Shaft

Bl Supporting Frame
Bl Inner-Air

Figure 8. The thermal model of the support frame.

3.1.4. Shaft

Figure 9 shows the thermal model of shaft, where Rgj,,1 represents the radial thermal
resistance from the support frame to shaft, Ry, is the radial thermal resistance from the
shaft to bearing, Rgp,1 is the axial thermal resistance between the shaft and bearing, Ry,
is the axial thermal resistance from the bearing to shaft end, R, is convective thermal
resistance between the shaft and surroundings. Additionally, there is convection thermal
resistance Rg;,;, between the shaft and inner-air. The thermal resistances are calculated

as follows:
depn /2 2

el (ndshl /2) sth kg, Tt ks, 14)
dgp/2 1
R — sh2 — 15
shz2 (ndsh2/2>Hbeksh ngeksh ( )
lg1/4 I /2
Rshyl — shl > + sh2 . (16)
T(dsn1/2) ken  70(dsn2/2) ksn
lsh2/2 lsh3 /2

RshyZ (17)

(dgn/2)key  7T(dap3/2) ks
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1
Rygop = ————— (18)
shso Sshsokshso
Sshso - ﬂ(dsh3/2>2 + 7Tdsh3lsh3 (19)

where kg, is the thermal conductivity of the shaft, kg, is the convective heat transfer
coefficient between the shaft and surroundings, and Hj, is the height of the bearing. The
other structural parameters are defined in Figure 10.

Inner-Air _ Shaft Rswyi  Rse Renp Bearing

Il Shaft

O Bearing

B8 Surroundings
Bl Inner-Air

Surroundings

Figure 9. Thermal model of the shaft.

1
Ish3 | Ish2 Ishl

Figure 10. Structure of the shaft.

3.2. Thermal Model of the Rotating Part

In this subsection, the thermal model of the rotating part is introduced, which includes
the permanent magnets, bearing, rotor core, and housing.

3.2.1. Permanent Magnet

Figure 11 shows the thermal model of the permanent magnet, where R,,;, is the
convective thermal resistance between the permanent magnet and inner-air, Ry, is the axial
thermal resistance of the permanent magnet, Ry is the thermal resistance between the
permanent magnet and rotor core, and Ry is the axial thermal resistance of rotor core.

Permanent Magnet

Rmy RH”’C ery
Cm Rmy (| Rotor COre
Bl Permanent Magnet
Rinia Bl Inner-Air

Inner-Air

Figure 11. Thermal model of the permanent magnet.

The equations of Ry, Ryucr and Ry follow:

_ Hp/2
Ry = g e 20)
lmr
= — 21
Rer Smkm‘r ( )
Hyc/2

chy = (22)

Srckrc
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Sie = n(rfco — ”%ci) (23)

where Hy;, and H,, are the thicknesses of the permanent magnet and rotor core, respectively.
S, Src is the radial cross-section area of the permanent magnet and rotor core, respectively;
ki, kyc is the thermal conductivity of permanent magnet and rotor core, respectively. The
tolerance clearance between the permanent magnet and rotor core is lyy; 1o, Ty is the
outer and inner radius of the rotor core, respectively. The components of the machine
cross-section are illustrated in Figure 12.

= Rotor Core

® Housing

B8 Shaft

= Bearing

B Permanent Magnet

Figure 12. Cross-section of the YASA machine.

3.2.2. Bearing

The bearing connects the stationary part and the rotating part. Figure 13 shows the
thermal model of the bearing. P, represents the friction loss of the bearing. A part of
the heat transfers from the bearing to the rotor core and is dissipated. Ry, is the thermal
resistance between the bearing and shaft, as shown in Figure 9. Ry, is the thermal resistance
between the bearing and rotor core, as shown in Figure 13. The equations follow:

(Tpo — 13i) /2 (Tho — 15i) /2

Repp = : = (24)
Tho Tbi +rp; Tbo+7bi )
( 2 5 "o ) 27t Hp ke ( 5+ T'pi TTHpekpe
— 1) /2
Rbrc — (rbo rbl)/ (25)

Yo +7pi
( b02 b +rbo) ngekbe

where 14, and rp; are the outer and inner radius of the bearing, respectively, and k;, is the
equivalent thermal conductivity of the bearing.

Bearing

Rore  Rrezt = Rotor Core
Ch Py [ Bearing

Figure 13. Bearing thermal model.

Rycz1 is the thermal resistance of the rotor core. Assuming the rotor core and the
permanent magnet are the same distance to the shaft, then:

Yrema — Vi

(rrcma + rrci)Terckrc

Ryez1 = (26)
where 7ycmq is the distance from the permanent magnet to the shaft center, R, is the inner
radius of the rotor core, which is equal to the outer radius of the bearing, H,. is the height
of the rotor core, and k; is the thermal conductivity of the rotor core.
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3.2.3. Rotor Core

The eddy current loss of the rotor core is calculated by the FE method. Figure 14
shows the thermal model of the rotor core, which contacts the inner-air and surroundings
directly. R,, is the convective thermal resistance between the rotor core and inner-air, Rycso
is the convective thermal resistance between the rotor core and surroundings, R, is the
thermal resistance of the rotor core, and Ry, is the axial thermal resistance of the housing.
The calculation formulae follow:

1

R —— (27)
e krciu Srcia

Sicia = n(rﬁi - r%,w) + n(rfm- — rfa-) (28)

1
R S — 29
reso kresoSreso @9)
Sieso = N(T,%CO - 7’3&) (30)

Yrco — Yrema
R = 31
rez2 (rrcma + 7rc0)7THrckrc G
H;, /4

Riy = —r5—— (32)

7'[(7’%0 - r%li) kp
where k,; is the convective heat transfer c between the rotor core and inner-air, and kg, is
the convective efficient heat transfer coefficient between the rotor core and surroundings.
S,cia i the contact area between the rotor core and inner-air, S, is the contact area between
the rotor core and surroundings; 7, and r,; are the outer and inner radius of the permanent
magnet, respectively; 15, and r,; are the outer and inner radius of the housing, respectively;
Hy, is the height of the housing; and k;, is the thermal conductivity of the housing.

Surroundings

R
reso @ Rotor Core

R Bl Housing

rcy
Housing EH Surroundings
Bl Inner-Air

Inner-Air

Figure 14. Thermal model of the rotor core.

3.2.4. Housing

There is heat convection between the inner surface of the housing and inner-air. The
outer surface contacts with the surroundings, which dissipate heat directly. Figure 15 shows
the thermal model of the housing. Ry, is the radial thermal resistance of housing, Ry, is the
convective thermal resistance between the housing and inner-air, and Ry, is the convective
thermal resistance between the housing and surroundings. The formulas follow:

1
Rpig = —— (33)
M S iaKnia
Shia = 7trpiHy, (34)
1
Ry = ——— 35
fso Shsokhso ( )

Shso = Ttrpe Hh (36)
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Ry, — (o —Thi) /2 Tno —Thi (37)

(r;m;rrm )Zn%kh (Tno + i) TTHyky

where ky;, is the convective heat transfer coefficient between the housing and inner-air, ky;,
is the convective heat transfer coefficient between the housing and surroundings, Sy;, is the
contact area between the housing and inner-air, and Sy, is the contact area between the
housing and surroundings.

Inner-Air Housing  Surroundings B Housing
C. Rhia R Rz Rhso B Surroundings
s Ech Bl Inner-Air

Figure 15. Housing thermal model.

3.3. Entire Thermal Model of the YASA Machine

Based on the thermal models of all the components described above, the entire thermal
model of the YASA machine can be obtained by simply integrating all of them, as shown in
Figure 16. The thermal model of each component marked with different colors is connected
by thermal resistances (including conduction thermal resistance and convective thermal
resistance). Between the shaft and the supporting frame, there is the conduction thermal
resistance Rg,q;. The thermal model of the bearing and shaft is connected by the thermal
resistance Ryyp. The permanent magnet adheres to the rotor core, so there is the conduction
thermal resistance R;.. Additionally, there are the convective thermal resistances (includ-
ing Ryyia, Rscia/ Q, and Ry, / Q) of the YASA machine between the permanent magnet, stator
core, armature winding, and inner-air. These thermal resistances are calculated by the
formulae given above.

Surroundings

Housing

Bl Stator Core

Riso = Rotor Core

Bl Housing
Surroundings @ Shaft

Bl Support Frame

3 Bearing

Bl Permanent Magnet
B Surroundings

Bl Inner-Air

(3 Armature Winding

Rscia/Q Cb

Rscy/ Q

Supporting
Frame ©

Figure 16. Entire thermal model of the YASA machine.

4. Parameter Calculation of the Thermal Network Model

In this section, the losses of the YASA machine (including the armature winding loss,
stator core loss, rotor core loss, permanent magnet eddy current loss, and mechanical loss),
the thermal resistance of the air gap, and convective heat transfer coefficient on the hub
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Ppezph—i-PC—FPg:

surface are calculated. Finally, the detailed temperature distribution of the YASA machine
is obtained.

4.1. Losses Calculation

The copper loss is calculated by
Pcopper = mls,st (38)

where m is the phase number, R; is the phase resistance, and I is the effective value of
phase current.

The core loss separation model proposed by Italian scholar Bertotti [26] is widely used.
It mainly includes hysteresis loss, classical eddy current loss, and excess loss:

o od?1 dB(t \/(TGVO 1 O\
Ky fBS L1 <dt) - (dt> dt (39)

120 T
The core loss is related to magnetic flux den51ty. When the magnetic flux density
changes sinusoidally and remagnetization is adopted, Equation (39) can be simplified as

Pr. = Kj,fBS + K f?B2, + K, f*°BL? (40)

where K}, K,, and K, are the coefficient of hysteresis loss, eddy current loss, and excess loss,
respectively; f is the electrical frequency and By, is the amplitude of magnetic flux density.
Eddy current loss of the rotor core and permanent magnet can be calculated by

1
Paagy = - [ PPV @)

where ¢ is the conductivity, | is the eddy current density, and V is the volume of the component.
Mechanical loss includes bearing loss P, and wind friction loss P,;,s. The formula follows:

P, = 0.06kﬂ,(1’ﬂy + msh)ns (42)

where kfb is an empirical coefficient, which in the range 1-3 m?/s?; m,, mg, is the mass of
rotor and shaft, respectively; n; is the rotating speed.

1
Poing = chpcm(znnsf(]zout RS ) (43)

where w; is electric angular speed; V,;, is the dynamic viscosity of air, taken as 2 x 10~° Pas;
and pcy, is the air density, taken as 1.2 kg/ m3. Ry is the outer radius of the rotor and Ry, is
the outer radius of the shaft.

4.2. Air Gap Thermal Resistance and Convective Heat Transfer Coefficient on the Hub Surface

The calculation process of the air gap thermal resistance follows four points:

(1) Reynolds number Reg of the air gap is determined according to machine radius,
speed, and dynamic viscosity of the fluid, as shown in Equation (44) [27].

(2) The fluid types are determined by Reynolds number R.,, which generally includes
laminar flow, transition flow, and turbulent flow [28].

(3) Determination of the Nusselt constant N, is based on Reynolds number R,, and
the air gap ratio G (G = g/ Ry, where g is the distance between the stator and rotor plate, R,
is the outer radius of the rotating plate), as shown in Table 2 [29].
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Table 2. Nusselt constant function relationship.
Value Range Fluid Type Formula
G=0.01 Laminar flow Nu = 7.46Re>
0.02 < G < 0.06 Laminar flow Nu = 0.50(1+5.47 x 10~ *exp(112G)) Red>
G > 006 Laminar flow Nu = 0.55(1+ 0.462exp (=C ) ) Red>
Rotor plate Laminar flow Nu = 0.55Reg'5
G=0.01 Turbulence Nu = 0.044Reg‘75
0.02<G <006 Turbulence Nu = 0.033(12.57exp(—33.18G))Red/>+256™
G > 0.06 Turbulence Nu = 0.0208(1 + 0.298exp(—9.27G)) Reg®
Rotor plate Turbulence Nu = 0.0208Reg'8

(4) According to this derivation, the air-gap equivalent convective heat transfer coefficient
hg and the air-gap thermal resistance Rq can be obtained by Formulae (46) and (47).

RZ
Reg — Wslout (44)

DVgir

3.87
Cf = (45)

A /Reg

Nu x k,;

hy = ———4 46
$= ks (46)
! @7)

Ry —
& m(R3—R3)hg

where k;, is the thermal conductivity of air and R; is the inner radius of the rotating plate.
There is no barrier between the end cap and the surroundings, which belongs to heat
convection. The convective heat transfer coefficient on the surface of the rotor plate can be
obtained by Equation (46).
The average Nusselt constant is obtained from two cases. One is that the airflow type
on the surface of the rotor plate is laminar flow, so the average Nusselt constant Ny is
calculated by

1
Nuy = %(Reﬁ + Gr) i (48)
R3 3/2AT
Gr = PSRITTAT (49)

2
where g is the coefficient of thermal expansion; v is the kinematic viscosity coefficient of
the fluid, taken as 1.569 x 107> m?/s. AT is the temperature difference between the rotor
plate surface and the surroundings.

The other airflow type is a combination of laminar flow and turbulence:

4 2
Ny = 0.15Re} — 100(17;) (50)
2

re = /2.5 x 10°0/ w; (51)

where 7. is the transition radius.

In addition, with the help of the naphthalene sublimation experiment and analogy
theory, the relation between the convective heat transfer coefficient and the speed of the
rotor plate is obtained by fitting. This paper refers to this method to obtain the convective
heat transfer coefficient of the end cap:

hg = 8.859w>> (52)
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The convective heat transfer between the housing and surroundings is calculated by

k .
hy, = %Ny 53
p [)2 2 ( )
Nuy = 0.133Re%/ 3 prl/3 (54)
D2
Rep = wsv 2 (55)

where hy,, N5 and Rep are the convective heat transfer coefficient, average Nusselt constant,
and Reynolds number of the rotor plate, respectively. D, is the outer diameter of the rotor
plate; P, is the Prandtl number of the air, taken as 0.703.

The inner-air thermal resistance, the convective heat transfer coefficient between
the rotor core and surroundings, and the convective heat transfer coefficient between the
housing and surroundings are 0.7568 K/w, 62.8 w/ (m2 -K), and 47.8 w/ (m2~K), respectively.

4.3. Results of the Thermal Network Model

The temperature distribution of the YASA machine can be obtained by the entire
thermal network model. The temperature of all the components is listed in Table 3.

Table 3. The steady-state temperature of the YASA machine.

Machine Components Steady-State Temperature (°C)
Winding 127.07
Stator core 100.57
Permanent magnet 54.54
Rotor core 52.00
Housing 49.35
Bearing 63.61

It can be found that the armature winding temperature is the highest and the tem-
perature of the stator core is lower than that of the winding temperature. The lowest
temperature is the housing and rotor core. The armature winding is the main heat source
of the YASA machine. The stator core and winding are located in the center of the machine,
from which dissipation of heat is difficult. The rotor core and the housing are contacted
directly by the surroundings, which makes its lower temperature rise. Under the rated
condition, the temperature of the permanent magnet is 54.54 °C. The temperature does not
exceed the allowable working temperature, which ensures reliable operation.

By setting the laboratory temperature at 20 °C, all components of the YASA machine
tend to be stable at 80 min, as shown in Figure 17.

140
20 f .77 77
~—~ 7
&0
(&)
5 80
IS
60 4 -~ -~~~ T mmTmTTTTTTTTT
g_ _________________________
o 40 - - —Windings —— Stator Core
20 Permanent Magnet - - - Rotor Core
—— Housing - - - Bearing
0 n n n N n
0 60 120 180 240 300 360
Time (min)

Figure 17. The transient temperature rise of the YASA machine.
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5. Experimental Verification
5.1. Experimental Prototype

The prototype is shown in Figure 18. The segmented stator core and armature winding
are fixed by the support frame, as shown in Figure 18a. Permanent magnets are bonded
to the rotor core, as shown in Figure 18b. The YASA machine assembled is shown in
Figure 18c.

Figure 18. YASA machine assembly: (a) stator; (b) rotor; (c) machine assembly.

5.2. Prototype Experiment

The rated 11 A direct current (DC) corresponding 5 A/mm? current density is applied
to the armature winding. The experimental data of the YASA machine are compared with

the calculated results of the LPTN model, and the results are in good agreement, as shown
in Figure 19.

80
70
o0
N
§ 50 —— Windings-Experiment
E 40 - = =Windings-LPTN
2 30 —— Stator Core-Experiment
= a0 ¥ - - - Stator Core-LPTN
= —— Supporting Frame-Experiment
10 r - - - Supporting Frame-LPTN
0

0 60 120 180 240 300 360 420 480
Time (min)

Figure 19. Instantaneous temperature-rise test of the prototype under 11 A DC.

Further, the direct current with different values is applied to the windings to measure
the temperature rise of the YASA machine. The current is disconnected after a period
of time, the cooling curve is measured, and the results are compared with the thermal
network, as shown in Figures 20-22. The maximum error is less than 2.5 °C, which occurs
in the armature windings. The error mainly comes from the change in environmental
temperature and the given error of heat capacity. The error is smaller than that of the LPTN
model for the single-sided AFPM machine proposed in [17], whose temperature error is

4°C.
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Figure 20. Instantaneous temperature-rise test of the prototype under 10 A DC.
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Figure 21. Instantaneous temperature-rise test of the prototype under 12 A DC.
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Figure 22. Instantaneous temperature-rise test of the prototype under 13.5 A DC.

6. Summary

In this paper, the LPTN model of the YASA machine for in-wheel traction application
is developed to calculate the temperature distribution of all components of the YASA
machine. The thermal models of all components in YASA machines, including the stationary
and rotary components, are simplified based on the symmetrical structure, while the
detailed thermal resistance formulae are given. Based on the loss results calculated by
electromagnetic FE analysis, the temperature distribution of the YASA machine is obtained.
Comparing the calculated and experimental results, the maximum temperature difference
is no more than 3.3%, which validates very good accuracy of the proposed thermal model.
The proposed method is considered as a good reference for design engineers of YASA
machines in the applications of in-wheel traction. In addition, this paper is also beneficial
to the research of machine cooling. The advanced cooling technique of the YASA machine
applied on in-wheel traction systems will be investigated in a following study.
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