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Abstract: The paper aimed to find an accurate and fast model to study the electromagnetic (EM)
thermal (TH) filed coupling calculation for the TH analysis in the flux switching permanent magnet
(FSPM) machine. It is extremely important to know the coupling mechanism between the EM field
and TH field for the designers and users of the FSPM machines. Firstly, in order to study the EM
properties of the silicon steel sheet with the temperature, the Epstein frame experiment was set
up, where the effect of dc magnetic bias on the core loss is also considered. In order to save the
computation time, the bidirectional coupling model based on 2D finite element (FE) EM field and
3D asymmetric minimum element TH field is established, and the steady state and transient TH
fields are calculated, respectively. For the transient bidirectional coupling of EM field and TH field,
a method based on the adaptive adjustment calculation step is adopted to improve the computing
speed. The temperature rise experiment of the prototype was carried out to verify the accuracy of the
proposed coupling model. The experimental results are in good agreement with the simulation results.

Keywords: bidirectional coupling; FSPM machine; 2D electromagnetic field; 3D thermal field;
thermal analysis

1. Introduction

Due to the advantages of simple salient structure, easy cooling, and high torque density [1],
flux switching permanent magnet (FSPM) machines have been extensively researched on the field of
the wind power generation [2] and electrical vehicles [3,4]. When the FSPM machines rotate, they are
under tight coupling of multi-physics such as electromagnetic (EM) field and thermal (TH) field.
In FSPM machines, the permanent magnets (PMs) are placed on the stator side and in the middle of
the armature windings with concentrated EM losses. These EM losses are the heat sources in the TH
field, while the temperature in turn affects the performance of the EM materials of the FSPM machines.
For example, when the temperature rises, the conductivity of the copper windings descend and the
loss increases, which in turn causes the temperature to rise. Therefore, to keep the machines operating
within the safe temperature range and maintain the maximum torque output, a bidirectional coupled
model between the EM field and TH field is needed for the machines’ designers.

However, to the best of our knowledge, the coupling model between 2D EM field and 3D
asymmetric minimum element TH field has not been derived. Because the coupling mechanism
between the EM field and TH field is very important for the TH analysis, there have been many scholars
who have studied the coupling model for the EM field and TH field of the electrical machines over the
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past few decades. It is well known that the time constant of the TH field is much longer than that of
the EM field, sometimes more than 10" times. Because of the larger difference of the time constants
between the two fields, the weak coupled model between the EM field and TH field is established
in [5]. In order to study the EM properties of the induction motor, the coupled model between the EM
finite element analysis (FEA) and the TH resistance network (TRN) is built in [6]. Due to the merits
of the fast calculation speed and the easy-to-understand principle, the TRN has been used for the
temperature rise of the electrical machines. However, the TH distribution of the machines cannot be
obtained by the TRN method. Thanks to the use of commercial software such as Comsol Multiphasic,
the 3D coupling model between the EM field, TH field, and fluid field is built for the TH analysis of the
axial flux PM synchronous machines in [7]. However, this method needs a large number of grids and
takes a long time to complete the computation. In order to solve the problem of data transfer between
different fields, the FEA model for the EM field, TH field, and mechanical field for the dual-mechanical
port machine has been built [8], where the grids of different fields are the same. In [8], the models for
the EM field, TH field, and mechanical field are built based on the 2D FEA, where the heat conduction
along the axial direction is ignored and this will lead to significant error. In general, the temperature
in the axial direction in the electrical machines is not equal, so there will be heat flow in the axial
direction. In addition, the EM 2D transient FEA model coupled with the TH 3D static FEA model is
established for the electrical machines [9]. These two fields are coupled together by the data transfer
and the convergence condition is reached by iteration. In this method, the 3D TH model is built based
on the full model, which will result in a large number of grids and increase the computation burden.
In [10], the lumped parameter steady TH model and FEA 3D steady TH model are used for the TH
analysis for the double rotor FSPM machine. Although the temperature results obtained by the two
temperature models are close to that obtained by the temperature rise tests, the EM field and TH field
are not coupled in this paper. In [11], the concept of the bidirectional coupling model based on 2D EM
field and 3D asymmetric minimum element TH field was proposed. The temperature distribution with
considering the EM and TH fields coupling analysis is compared with that without considering the two
fields coupling. Although this method has reduced many calculation meshes and saved computing
time compared with the traditional methods, the time step is a constant in this method, especially when
the temperature is about to reach steady state, the temperature difference between the two adjacent
calculation is very small. So it will take plenty of calculation time to ensure the temperature reaches
the steady state.

In the EM field, the core loss should get special consideration. From an engineering point of view,
iron loss is considered to be composed of hysteresis loss, eddy current loss, and excess losses, which
is only an empirical formula that considers iron loss as a function of magnetic density amplitude,
frequency, and temperature, rather than a direct explanation of physical phenomena [12]. For the FSPM
machines, there exists the dc magnetic bias in the rotor tooth, stator tooth, and yoke, increasing the core
loss [13]. Therefore, it is very important to find the relationship between dc magnetic bias and core loss.
However, these parameters are not supplied by the core manufacturer and need to be measured.

In order to obtain the parameters of the core loss which are related to temperature, the Epstein
frame experiment is first established in this paper, where the effect of dc magnetic bias is also considered.
In addition, the B-H curves at different temperatures are also measured. Due to the limitation of
experimental equipment, the maximum flux density can only be measured up to 1.4 T, and then the
B-H values in the saturated region are fitted by extrapolation method. Then, the steady state and
transient TH analysis using the bidirectional coupled model of the 2D EM field and 3D asymmetric
minimum element TH field are conducted. The steady state TH analysis is known to be very fast.
For transient TH analysis using the bidirectional coupled model of the EM and TH fields, a method of
adaptive adjustment time step is used to improve the computing speed. At last, the temperature rise
experiment is carried out to testify the accuracy of the model proposed in this paper. The results show
that the proposed model not only has high accuracy, but also can realize the fast coupling calculation.



Energies 2020, 13, 3079 3o0f15

2. Thermal (TH) Properties of Electromagnetic (EM) Materials

A FSPM machine is composed of PMs, stator core, rotor core, windings, and housing. For the
prototype studied in this paper, the material of the stator/rotor core, PMs, and housing are
35WW300, N355H, and Aluminum, respectively. The windings are made of copper, copper insulation,
and impregnated/filled material. The TH conductivity of these materials has been given in detail in [14].
This paper mainly gives the EM properties dependent on the TH of these materials.

2.1. Silicon Steel Sheet

Although core loss accounts for a large proportion of the total loss in the electrical machines [15]
and the influence of temperature on core loss is very obvious [16], parameters of the core loss are
difficult to find. Many manufacturers did not provide these data before, so it is necessary to carry out
the core loss experiments under different temperatures. The materials of stator core and rotor core used
in this paper is 35WW300. Firstly, the Epstein frame experiment platform is established, as shown
in Figure 1. A thermo tank is used to make sure that the silicon steel sheet is kept at the specified
temperature. The programmable ac power supply is used to input the ac voltage or dc + ac voltage
to the excitation winding. The current of the excitation winding and the voltage of the measuring
winding are recorded by the oscilloscope.

Thermometer

=

Power
Supply Temperature
Point Osdlloscope
@
Uac .
- Epstain |:|

Udc —S E),(CH].ng F}l)‘ame IMearsured

winding winding

Figure 1. Epstein test apparatus.

According to the measured current of excitation winding and the measured voltage of measuring
winding, the magnetic flux density and field strength can be obtained by,

o) = 5 fo er(1)d 1)
T;
Smlt) = 6(0) - 1 fo o (t)dt @
By = 220 o)
H,(t) = Ng% 4

where Ny, and N are coil turns of the measuring winding and excitation winding, respectively. T; is
time period. e; is the voltage of the measuring winding, and i(f) is the current of the excitation winding.
Se and L, are the total cross-sectional area and the total length of the core under test.

The loss P, of the core under test can be obtained by,

PFe

1 T;
" peoreVeT” fo i(t)ex (t)dt o

where peore and V, are the density and total volume of the core under test.
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2.1.1. Coefficients of Core Loss Under AC Excitation

From an engineering point of view, core loss is considered to be composed of hysteresis loss,
eddy current loss, and additional loss. However, the calculated additional losses are small and sometimes
negative due to the limitation of experimental equipment. Therefore, core loss is usually divided into
hysteresis loss and eddy current loss. The coefficients of hysteresis loss and eddy current loss are
related to the magnetic flux density amplitude, frequency and temperature. Since the frequency of this
prototype under research is 166.7 Hz, the B—-H curves within the range of 50~400 Hz have been tested
by Epstein frame, and the loss coefficients are considered to be independent of frequency within this
frequency range. Then, the core loss can be obtained by,

pre = Ky (B, T) fB2, 4 K¢ (B, T) f2B2, (6)

where Ky (B, T) and K¢(By;, T) are the hysteresis loss coefficient and eddy current loss coefficient,
respectively. By, is the magnetic flux density amplitude, and f is the test frequency. T is the current
temperature.

Figure 2 gives the core losses at different magnetic flux density amplitudes, different temperatures,
and different frequencies. The core loss is positively correlated with magnetic flux density amplitude
and frequency, and inversely correlated with temperature.

18
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14f
—+ 60 °C
o 12
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= 101
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! ; 100,Hz
o il 4,,4—'“"/&/:_—49 50 H
— = I il
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0.2 0.4 0.6 0.8 1.0 1.2 1.4
Flux Density (T)

Figure 2. Measured core loss in the Epstein frame at different frequencies, flux densities,
and temperatures.

Based on (6) and the data in Figure 2, the loss coefficients K, and K}, at different flux density
amplitudes and temperatures could be calculated as shown in Figure 3. Both coefficients K, and K},
decrease when the temperature increases.
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Figure 3. Loss coefficients K, and K}, obtained by the experiments. (a) Eddy current loss coefficient Ke.
(b) Hysteresis loss coefficient Kj,.

2.1.2. Coefficients of Core Loss Considering DC Magnetic Bias

In FSPM machines, the main reason for dc magnetic bias in the stator core is that the PMs are
placed on the stator side. In addition, because stator core is slotted, there are small hysteresis loops in
the rotor tooth [13,14]. It is reported that the core loss will increase when there exists the dc magnetic
bias. However, it is difficult to find the core loss coefficients when considering dc magnetic bias.
Therefore, the Epstein frame test with the ac + dc power supply is conducted in this section. Figure 4
gives the B-H curves obtained by the dc bias magnetic flux experiment when the flux density is 0.25 T
and the frequency is 200 Hz. The blue lines are obtained by the experiment directly, while the red lines
are the calculated B-H curves with considering the dc bias magnetic flux. The results of the dc bias
magnetic flux can be obtained by comparing the red and the blue B-H curves. The core loss considering
the dc magnetic bias can be obtained by the calculating the B-H curves’ area.

i i

Data Consideringlthe DC bias
|
t

magnetic flux —

\B,=1.28T

Measured/data

0.4+

0.4
-500 0 500 1500 2500 3500 4500

H(A'm)

Figure 4. Core loss considering the dc magnetic bias.

The core losses of the silicon steel sheet under different magnetic flux density amplitudes,
different frequencies and different dc magnetic biases are measured, as shown in Figure 5. The core
loss increases with the increase of the value of dc magnetic bias and with the decrease of the values of
the temperature.
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Figure 5. Core loss considering the dc magnetic bias.

It is assumed that dc magnetic bias only affects the hysteresis loss and not eddy current loss. It is
found that the increased core loss due to the dc magnetic bias is independent of the amplitude and the
frequency of the magnetic density [13]. The relation between the hysteresis loss pr, ;, and dc magnetic
bias is

pres = £(AB)Ky(T) fB, @)
¢(AB) = 1+ ko (T)ABPT) 4 ky(T)AB? )

where k;.(T), B(T), and k;(T) can be calculated by the data fitting, and it is assumed that these coefficients
are linear functions of temperature.
In this paper, the increased hysteresis loss Py;,, due to the dc magnetic bias can be defined as,

Phin = kdc(T)ABﬁ(T) + kl(T)ABz 9)

Figure 6 shows the loss of the core under test at different values of the dc magnetic bias and
different temperatures with the alternating frequency of 200Hz and the magnetic density amplitude of
1.0 T. It can be seen that the core loss calculated by Equation (9) is in good agreement with the results
obtained by the experiments.

# 23°C Exp. II
15— 23°C Fitting |
O 40°C Exp. |

40°C Fitting I
10 60°C Exp. |
~ = 60°C Fitting |

Additional hysteresis loss (W)

0 0.2 0.4 0.6 0.8
AB (T)

Figure 6. The relation of experiment results and fitting curves.

2.1.3. Mathematical Model of Silicon Steel Sheet B—-H Curve

Due to the limitations of the experimental equipment, the maximum magnetic density measured
does not exceed 1.6 T, as shown in Figure 7 indicating that the temperature has no influence on the B-H
curves. However, two PMs of the FSPM machines are adjacent to produce a strong magnetic density.
When the rotor is in some position, the magnetic density of stator tooth tip and rotor tooth tip can
reach more than 2.0 T. Therefore, extrapolation method should be used to estimate the oversaturated
region of B-H curve. When the flux density amplitude is larger than 1.6 T and smaller than saturated
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flux density B, an extrapolation polynomial is usually used to obtain the B-H curves, which is shown
as follows,

f{:jiB%i (10)
i=0

where B; is the extrapolation coefficient dependent on the n+1 test data, and #n represents the
polynomial order.

However, the wide flus density range cannot be obtained only by the extrapolation of the B-H
curve using (10), because the error will become large when the magnetic flux density in the core under
test is larger than the saturated flux density Bs [17]. When the flux density of the core under test reaches
saturation, the direction of all magnetic domains in the core under test are the same with the direction
of the applied magnetic field. Besides, the magnetic permeability of the core under test and air are the
same at this time, monomial extrapolation is adopted.

B = uoH + 1.935 (11)

where i represents the permeability of the air.
Above all, the B-H curve obtained by extrapolation is shown in Figure 8.
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Figure 7. B-H curves under different temperatures.
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Figure 8. Extrapolation of B-H curve.

2.2. Permanent Magnet

The material of PMs used in this paper is N35SH, whose performance mainly depends on the
remanence By, relative permeability y,, and intrinsic coercivity H;. It is known that the remanence
B, and intrinsic coercivity H.; of the PM will decrease as the temperature of the PM increases, and if
the working point of the PMs is lower than the knee point, the PM will be partially demagnetized.
However, the difficulty of the calculation procedure will be significantly increased if the partial
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demagnetization of the PM is accurately described. In this paper, in order to save computation time,
the influence of demagnetization and TH on the remanence B, and intrinsic coercivity H,; of the PMs
is not considered. Only the influence of the TH on the conductivity opys of the PM is considered,
which can be expressed as,

opm = opmo X (1 — apm(T - 20)) (12)

where oppgg = 5.56e + 5 S/m when the temperature is 20 °C. a4 is the temperature coefficient of the PM.

2.3. Copper Windings

Electric conductivity of windings (o¢,,) varies with temperature. The value 0,9 = 5.9773e + 07 S/m
at 20 °C yields a phase resistance of 0.03 () for the machine invested in this paper. The relationship of
copper conductivity and temperature is as follows:

ocu = ocuo X (1 = acy(T - 20)) (13)
where ac, is the temperature coefficient of copper.

2.4. Aluminum Housing

When the motor is in the rotating state, eddy current will be induced in the housing due to the
presence of magnetic flux leakage and conductivity of the aluminum housing, resulting in eddy current
loss. The relationship between the conductivity of the Aluminum and temperature is:

oa1 =0ai0 X (1 —aa(T - 20)) (14)

where 04 is the aluminum conductivity and ay; is the temperature coefficient of aluminum.
o410 = 3.7665e + 07 S/m when the temperature is 20 °C.

3. Bidirectional Couple between 2D EM Field and 3D TH Field

The electrical machine researched is 12/10 FSPM machine, whose structure diagram is given in
Figure 9. Both the stator and the rotor are salient structures, and the armature windings and PMs are
placed in the stator side. Figure 10 shows the assembling diagram of 12/10 FSPM machine. The stator is
composed of 12 U-shape iron cores and the rotor contains 10 teeth. The prototype is a three phase
machine containing twelve magnets, with each phase composed of four magnets and four concentric
coils. The PMs are placed in the stator side and in the middle of the adjacent armature windings.
Table 1 gives the main dimensions and performance parameters of the FSPM machine.

(b)

Figure 9. Prototype of 12/10 flux switching permanent magnet (FSPM) machine. (a) Sectional view.
(b) Local diagram.
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Figure 10. Assembling diagram of 12/10 FSPM machine. (a) Prototype. (b) 3D model.

Table 1. Main dimensions and performance parameters of the flux switching permanent magnet

(FSPM) machine.

Parameters. Unit Data

Outer radius of aluminum housing, R, mm 140
Outer radius of stator core, Rgp mm 130
Inner radius of stator core, Rg; mm 90.1
Width of stator core, Ot ° 9.75

Length of pole shoe, I mm 0.8

Angle of pole shoe, Oy ° 115

Length of air gap, 0 mm 0.9

Radial length of PM, Ipy; mm 39.1
Circumferential length of PM, wpy, mm 11.9
Outer diameter of rotor yoke, Ryy mm 90.1

Inner diameter of rotor, R,; mm 50
Width of rotor tooth, 0,; ° 11.25

Degree of rotor yoke, Oy ° 13.5

Axial length, L mm 55
Rated speed, n, rpm 1000

Rated torque, T, Nm 107

Number of turns, N - 12
Resistance of one phase, Rs Q 0.03

Since the time constants of the temperature field and the EM field are quite different, it is not
necessary to strongly couple the EM field with the temperature field. In order to save the calculation
time, the bidirectional coupling model based on the 2D EM field and 3D asymmetric minimum element
TH field are built.
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3.1. EM Field Model

In order to reduce the computation burden, only a half model of the FSPM machine is built
according to the periodic boundary for the 2D FEA EM field, which is shown in Figure 11. The initial
position of the rotor is shown in Figure 11.

Figure 11. Electromagnetic (EM) field analysis model.

The governing equation and boundary conditions of EM field are as follows:

rot(irotA) = a(—a&,—i1 - gde) + Js 4 rotHe (15)
Ht|52 =0 (17)
Alsgge = Alsy (18)

where A is the axial component of magnet vector potential. V is the voltage difference of the two ends
of the electrical conductors. J; is the current density. H, is the initial intrinsic coercivity.

In EM field analysis, PMs are considered to be electrical conductors, and the sum of currents in
the section perpendicular to the axial direction is zero. The PM and Al housing eddy current loss can
be calculated by the method proposed in [18].

Ithas been proved that there exists dc magnetic bias for the stator and rotor silicon steel sheet [13,14].
The parameters of core loss have been obtained in Section II. The accurate core loss model has been
proposed in [14], which can be directly used for the core loss calculation of the prototype in this paper.

In the EM field analysis, the constant current source is applied to the machine. The copper loss
can be calculated by multiplying the resistance of the windings and the square of the current.

Due to the low speed of the motor, the wind mill loss is ignored. In addition, the FSPM machine
also has the mechanical loss on the rotating shaft, which is considered to be a constant by the
experimental verification.

3.2. TH Field Model

For the TH field, the 3D FEA model is considered to be the most accurate. However, the large amount
of 3D FEA meshes increase the computation time. In order to save calculation time, the asymmetric
minimum TH element of the stator and rotor is applied in the TH analysis [15]. Besides, 1/24 stator and
1/20 rotor model are established when considering the axial symmetry of temperature distribution, as
shown in Figure 12.
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D Rotor core

D Aluminum housing

B shaft

Figure 12. Asymmetric minimum element thermal (TH) field.

The governing equation of the TH field is as follows:

f pc—(STdQ f (/\ngzI yg§%+AZ§T3T)dQ f h(T = T,)STdT + f QOTdQ  (19)
T @)

where pc is the specific heat capacity of the material. T is the temperature of the mesh. Ay, Ay, and A,
are the TH conductivities of each main direction in the element mesh, respectively. T} is the ambient
temperature for the convective heat dissipation boundary. Q is the heat density.

3.3. Bidirectional Coupling Model

Since the time constants of the TH field and the EM field differs extremely, the bidirectional
loosely-coupled solution method is adopted, that is, the EM field and the temperature field are calculated
separately, and then the two fields are coupled through the data. For the analysis of TH field, steady
state calculation and transient calculation are studied. The main advantages of steady-state calculation
are that the number of iteration steps is small and the calculation is fast. However, the transient TH
calculation is more suitable for transient analysis, such as the starting process of the motor, or during the
operation of variable speed or variable torque. The calculation flow is shown in Figure 13.

Initial time: t0=0, time step: df, Maximum
time: Tmax, Current time: ¢
Initial temperature: environment temoerature

No @
| Initial temperature set |

T Yes
| Electromagnetic analysis | | Electromagnetic analysis |
¥
| Electromagnetic loss |¢— |
4’| Electromagneticloss |
Thermal analysis & temperature
distribution Update
| Update Material properties | properties Thermal analysis }iﬁ?:lte
. temperature
4' Temperature distribution '—
sum|T-T" I<g No t=t+dt
Yes
End
(@) (b)

Figure 13. Bidirectional coupling of EM field and TH field. (a) Steady state TH analysis. (b) Transient
state TH analysis.
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The differences between the steady state and the transient state TH analysis are mainly as follows.
(1) For the steady state TH analysis coupling model, there is only one iterative condition. In each
iteration, the steady temperature distribution is obtained under the current conditions. Until the
resulting temperature converges, the calculation stops. (2) For the transient TH analysis coupling
model, there are two cyclic conditions. The outer cycle is about the time. When the computation time
reaches the given maximum time, the computation stops. The inner cycle condition is whether the
temperature converges or not. For each inner loop, the initial temperature values of the EM field and
the TH field need to be updated from the result values of the previous inner loop. The value of dt in
Figure 13b changes with the value of [T-T’|. If [T-T’| value is large, dt is small. If the |T-T’| value is small,
dt is large.

4. Results Verification

In this section, the ac current of 3.6 A/mm? is applied to the 12/10 FSPM machine. Although there
is a water channel, the air nature cooling is adopted in this paper.

For the steady state TH coupling model, the EM losses and TH results are calculated as shown in
Figure 14 and Table 2. The top temperature obtained by the steady state model is 84.77 °C, which is in
the middle of the windings. For the steady state temperature field coupling analysis, five iterations are
carried out with a total time of 34 min, and the average error of the final temperature was 0.1 °C.

5
84.77
I 76.673

68.577
60.48

| 52.383

N 44.287
3619

28.093

19.997

1.9

Figure 14. Temperature distribution obtained the steady state TH coupling model.

Table 2. EM Losses Obtained by the Steady State Analysis (W).

Num. Copper PM Housing Stator Rotor
ita.1 54.02 73.76 51.72 73.74 51.82
ita.2 67.09 71.34 38.34 70.98 50.05
ita.3 68.416 71.15 37.54 70.98 50.05
ita.4 68.57 71.12 37.45 70.98 50.05
ita.5 68.59 71.12 37.44 70.98 50.05

The calculated EM losses of different components of the machine is shown in Figure 15 by using
the bidirectional coupling analysis model proposed in this paper. The copper loss increases by 20.7%
because the effective value of the current remains unchanged while the resistance of the windings
increases when the temperature increases. The core loss decreases when the temperature increases,
which is consistent with the measured core loss by Epstein frame in section II. The stator core loss
decreases by 11.36%, while the rotor core loss decreases by 3.4%. However, the resistivity of PM
increases as the temperature rises. Besides, the eddy current induced inside the PMs is inversely
proportional to the resistivity, while the PMs’ loss is the product of the square of the eddy current and
the resistance. Therefore, the loss induced in PMs is inversely proportional to the resistivity. So the loss
in the PM decreases as the temperature rises, as does the loss in the aluminum housing. From Figure 15,
it can be seen that the loss deduced in the PM decreases by 3.02%, and the loss in the aluminum housing
decreases by 24.7%.
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Figure 15. Results of EM losses.

Figure 16 shows the results of temperature distribution in FSPM machine calculated by the
transient TH coupling model. The top temperature is 85.67 °C, which occurred in the middle of the
windings. For the transient temperature field coupling analysis, it takes a total time of 78 min.

TRy
85.67
77.473
69.277
61.08

. 52.883
N 44,687

- 36.49
28.293
20.097

1.9

Figure 16. Temperature distribution of FSPM machine.

To validate the temperature obtained by the simulation, the TH rise experiment is conducted for
the FSPM prototype machine. The FSPM machine is in the motor mode controlled by the DSP on the
hybrid platform, as shown in Figure 17. In order to sample the temperature of winding accurately,
three thermocouples are insert in the middle of the windings and the average temperature is considered
as the temperature of the windings. In addition, three thermocouples are placed on the surface of
stator core, PM, and aluminum housing. It takes two hours for the temperature to achieve stability.
Table 3 gives the temperature results obtained by the simulation and experiment. The maximum
error occurs in the windings, and the winding temperature result of transient coupling calculation is
3.73 °C higher than the experimental value, while the steady-state result is 2.83 °C higher than the

experimental value.

Figure 17. Experiment platform.
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Table 3. Temperature Results (°C).

Models Winding PM Housing Stator
Steady 84.77 70.28 64.2 70.17
Transient 85.67 69.17 61.19 68.83
Experiment 81.94 68.03 60.34 68.55

5. Conclusions

This paper proposes a fast and accurate bidirectional coupling model based on the 2D EM field and
3D asymmetric minimum TH field, which reduces the calculation burden and realize fast calculation.
In this method, the adaptive adjustment calculation step is used, which significantly reduces the
calculation time. The core loss model considering the effect of the dc magnetic bias and at different
temperatures is built. The eddy current loss and hysteresis loss in the silicon steel sheet decrease with
the increase of temperature. In addition, when the FSPM machine is applied with the constant effective
value of the current source and rated rotation speed, the copper loss rises when the temperature
increases, while the losses induced in PMs and aluminum housing decrease. The maximum values
of the temperature calculated by both the bidirectional coupling model and the experiment occurs
in the middle of the windings. This method is applicable to all kinds of electrical machines. In the
future, the influence of the PM’s partial demagnetization on the TH analysis based on the bidirectional
coupling model between the EM field and TH field for the FSPM machine will be researched.
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