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Abstract: This paper explores the applicability of cryogenic permanent magnet motor stator materials
for LNG pumps. First, this study selected four kinds of silicon steel sheets for motor stators tested at
room temperature and ultra-low temperature and obtained the magnetization characteristics and loss
characteristics of the four silicon steel sheets at room temperature and ultra-low temperature. Then,
through a comparative analysis of experimental data, the applicability of silicon steel sheet material
in an ultra-low-temperature environment was verified. Finally, the improved methods of the basic
iron loss model of silicon steel sheets and the basic iron loss model of motors were proposed, and the
accuracy and feasibility of the improved models were verified.

Keywords: silicon steel sheet; ultra-low temperature; iron loss; LNG pump motor

1. Introduction

With the continuous growth of China’s economy, China’s energy demand will also
continue to increase; thus, the environmental pollution problem caused by the growth of
energy demand urgently needs to be addressed. In order to achieve the mutual benefits of
economic development and ecological protection, we should focus on optimizing the energy
structure and take the development of clean energy as the main direction of adjusting
the energy structure. Natural gas as a high-quality, clean energy will be the direction
of China’s future development. In the future, the huge gap between the supply and
demand of natural gas by domestic production is obviously difficult to meet, and will
be satisfied incrementally by more imports. A large number of natural gas imports will
bring corresponding transportation problems; the transportation of natural gas is generally
achieved by liquefaction, and liquefied natural gas (LNG) in the transportation process is
usually carried by LNG pumps [1-5].

LNG pumps are divided into submersible and non-submersible pumps, and sub-
mersible LNG pumps are commonly used at present. Submersible LNG pump motors need
to be immersed in LNG to work, and the working environment temperature can reach
—161 °C. Natural gas is a flammable and explosive gas, so it is necessary to control the
operating temperature rise of the LNG pump motor, that is, reduce the loss of the LNG
pump motor. This is to prevent the motor operating temperature from being too high and
causing LNG gasification, resulting in operational safety issues.

Domestic and foreign experts have conducted a lot of research on motor loss. Refer-
ence [6] compared and analyzed the performance difference between silicon steel sheets
and the SMC material in electric machines. The magnetic field and iron loss were computed
and analyzed, and the iron loss variation law in different frequencies was derived through
simulation. Reference [7] proposed a precise iron loss prediction model with piecewise
variable coefficients. The main loss coefficients varied with the amplitude and frequency
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of the flux density, through which the influence of the fundamental and harmonic fields
on iron losses were effectively considered. Reference [8] presented an algorithm for the
identification of anomalous magnetic fields and loss for silicon steel sheets. The anomalous
magnetic field was extracted from the measured hysteresis field by excluding the static
hysteresis and eddy current fields. Reference [9] measured hysteresis loops and magnetic
properties. The behavior of hysteresis loss and eddy current loss at liquid nitrogen tem-
perature were discussed in detail. It was shown that the permeability and iron loss of
nonoriented silicon steel is increased at low temperatures.

Motor loss is generally divided into stator loss, rotor loss, copper loss, wind friction
loss, etc., of which motor stator loss generally accounts for a large proportion of and has
a significant impact on the total motor loss. At present, most of the numerical studies on
motor iron loss by domestic and foreign experts are based on the traditional iron loss model.
The hysteresis loss coefficient and eddy current loss coefficient of the traditional iron loss
model are constant, ignoring the influence of frequency and magnetic induction intensity on
the iron loss coefficient. Some experts have carried out segmented studies on the coefficient
of the iron loss model, but the iron loss calculation model has not been improved, and there
is a lack of studies on the iron loss calculation model at ultra-low temperatures.

The silicon steel sheet material studied in this research was the stator material for a
submerged LNG pump motor that was tested in an ultra-low-temperature environment
below —161 °C. There are few studies on the magnetic properties and loss changes of silicon
steel sheets in ultra-low-temperature environments. Therefore, this study tested various
silicon steel sheet materials in room-temperature and ultra-low-temperature environments
and compared the experimental data at room temperature and ultra-low temperature to
verify whether the silicon steel sheet material for the motor stator could be used in an
ultra-low-temperature environment. Based on the experimental data of the silicon steel
sheets, a new approach is proposed to calculate the basic iron loss of silicon steel sheets
in room-temperature and ultra-low-temperature environments, and the original formula
for calculating the basic iron loss of silicon steel sheets is improved. The improved basic
iron loss model can quickly and accurately calculate iron loss at different frequencies
and magnetic induction intensities, which solves the problem of the large calculation
error of the traditional basic iron loss model in the unconventional frequency range. This
study also provides a calculation model for the numerical calculation of basic iron loss at
ultra-low temperatures.

2. Ultra-Low-Temperature Experiment of Motor Stator Material

A cryogenic permanent magnet motor stator for an LNG pump works in —161 °C
liquefied natural gas. In order to explore the characteristics of the motor stator material
in an ultra-low-temperature environment and determine the applicability of the motor
stator material for the LNG pump, ultra-low-temperature characteristic experiments of
the motor stator materials were carried out in this paper. As liquefied natural gas (LNG)
is a flammable and explosive liquid, in order to ensure the safety of the experiment, the
ultra-low-temperature experiment of the motor stator material was carried out in liquid
nitrogen. The ambient temperature of liquid nitrogen is —196 °C, lower than that of
liquefied natural gas, thereby meeting the requirements of the ultra-low-temperature
experiment environment.

In order to explore the applicability of the stator materials of the cryogenic permanent
magnet motor for the LNG pump, four kinds of silicon steel sheets were selected for
ultra-low-temperature characteristic experiments. The experimental instrument was the
5Y-8258 hysteresis-loop measurement instrument. In order to compare the influence of
ultra-low-temperature environments on the characteristics of silicon steel sheets, the four
kinds of silicon steel sheets were tested at room temperature and ultra-low temperature.
The room-temperature experiment was completed in a room-temperature environment
of 20 °C and the ultra-low-temperature experiment was completed in a liquid nitrogen
environment of —196 °C. The experimental equipment at room temperature and ultra-low
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temperature are shown in Figures 1 and 2. Two copper wires were wound around the
silicon steel sheet samples, which respectively served as the primary coil and the secondary
coil. During the room-temperature experiment, the silicon steel sheet sample was placed in
the test box and connected to the test box by copper wire. During the ultra-low-temperature
experiment, the silicon steel sheet sample was completely immersed in liquid nitrogen for
1 h until it was stable and connected to the test box by the copper wire wound around
the sample. During the test, the sample was placed in a liquid nitrogen container, which
needed to be as closed as possible to prevent the rapid volatilization of the liquid nitrogen
when in contact with air, which would have affected the test results [10].

Main Engine

IS

Figure 2. The experimental equipment for ultra-low temperature.

2.1. Magnetization Experiment of Silicon Steel Sheets

In this study, the four kinds of silicon steel sheets were sample 1, 155W1100 (medium-
frequency thin strip series products); sample 2, 20SW1500 (stress relief annealing series
products); sample 3, 30SWH1500 (high-efficiency series products); and sample, 4 50W310
(national standard general series products). The above four kinds of silicon steel sheets
were magnetized at room temperature and ultra-low temperature, and the magnetization
curves (BH curves) of the four silicon steel sheets are shown in Figure 3.

20

)

m

2

‘3 1.5

=

(o] s

s 457 Sample 4
= AT Sample 3 P

'§ 1.0 j Sample 1 Sample 2 .
_;:'.’ --=-207C

g —ee -196 C

2 05 .
[

<)

on

5+

>

0'0 1 1 1 1 1
0 10000 20000 30000 40000 50000 60000
Magnetic field intensity H(A/m)

Figure 3. BH curves of four silicon steel sheets at room temperature and ultra-low temperature.
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Figure 3 shows that under the same magnetic field intensity, the magnetic induction
intensity of the four silicon steel sheets at ultra-low temperature was higher than that at
room temperature. When the material was saturated, the magnetic induction intensity of
sample 1 at ultra-low temperature was 1.1% higher than that at room temperature, the
magnetic induction intensity of sample 2 at ultra-low temperature was 1.2% higher than that
at room temperature, the magnetic induction intensity of sample 3 at ultra-low temperature
was 1.7% higher than that at room temperature, and the magnetic induction intensity of
sample 4 at ultra-low temperature was 4.2% higher than that at room temperature. By
comparison, the magnetic induction intensity of the four silicon steel sheets after saturation
from large to small was sample 4, sample 3, sample 2, and sample 1.

In this research, a cryogenic permanent magnet motor for an LNG pump was studied.
The ambient temperature during motor operation was —161 °C (LNG) and the ambient
temperature during motor shutdown was room temperature. The motor in this study was
repeatedly at ultra-low temperature and room temperature. In order to explore whether
the characteristics of the four silicon steel sheets were affected after being restored to
room temperature from ultra-low temperature, the silicon steel sheets that had been stable
at ultra-low temperature (liquid nitrogen —196 °C) were taken out and measured after
standing at room temperature (20 °C) for 1 h. The magnetization curves (BH curves) of the
four silicon steel sheets are shown in Figure 4.
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Figure 4. BH curves of four silicon steel sheets at room temperature and at return to room temperature
following ultra-low temperature.

Figure 4 shows that the magnetization curves of the four silicon steel sheets after
being restored to room temperature from ultra-low temperature basically coincided with
the magnetization curves at initial room temperature, without any loss of magnetization
characteristics. Therefore, these four kinds of silicon steel sheets can repeatedly work at
ultra-low temperature and room temperature.

Figures 3 and 4 show that the four kinds of silicon steel sheets did not have ultra-low
temperature magnetic loss, and the magnetic induction intensity after saturation did not
change with the ambient temperature. Therefore, the magnetization characteristics of the
four silicon steel sheets were not affected by ultra-low-temperature environmental factors
and can be used for cryogenic temperature permanent magnet motors for LNG pumps.

2.2. Loss Experiment of Silicon Steel Sheets

In order to explore the influence of an ultra-low-temperature environment on the loss
characteristics of silicon steel sheets, the four kinds of silicon steel sheets were tested at
room temperature and ultra-low temperature, and the loss curves (BP curves) of the four
silicon steel sheets are shown in Figures 5-12.
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Figure 5. BP curves of sample 1 at room temperature.
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Figure 6. BP curves of sample 1 at ultra-low temperature.
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Figure 7. BP curves of sample 2 at room temperature.
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Figure 8. BP curves of sample 2 at ultra-low temperature.
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Figure 9. BP curves of sample 3 at room temperature.
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Figure 10. BP curves of sample 3 at ultra-low temperature.
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Figure 11. BP curves of sample 4 at room temperature.
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Figure 12. BP curves of sample 4 at ultra-low temperature.

Figures 5-12 show that the loss curve trends of the four silicon steel sheets were
basically the same at room temperature and ultra-low temperature. The loss gradually
increased with the increase in magnetic induction intensity and also with the increase in
frequency. By comparing the loss curves of the same silicon steel sheet at room temperature
and ultra-low temperature, it can be seen that under the same frequency and magnetic
induction intensity, the losses of the four silicon steel sheets at ultra-low temperature were
always higher than those at room temperature. When the frequency and magnetic flux
density were the same, the losses of the four silicon steel sheets from high to low were
sample 4, sample 3, sample 2, and sample 1 at room temperature and ultra-low temperature.

In order to explore the impact of the four silicon steel sheets being repeatedly in
room-temperature and ultra-low-temperature environments on their loss characteristics,
the silicon steel sheets that had been stabilized in the ultra-low-temperature environment
(—196 °C) were taken out and measured after standing in a room-temperature environment
(20 °C) for 1 h. Because there were many frequencies tested in this study, in order to better
reflect the comparison results, three frequency data were selected for comparison in this

paper. The selected frequencies are 50 Hz, 500 Hz, and 1000 Hz. A comparison of these
three frequency data for the four silicon steel sheets is shown in Figures 13-16.
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Figure 13. BP curves of sample 1 at room temperature and ultra-low temperature recovery to

room temperature.
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Figure 14. BP curves of sample 2 at room temperature and ultra-low temperature recovery to

room temperature.
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Figure 15. BP curves of sample 3 at room temperature and ultra-low temperature recovery to

room temperature.
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Figure 16. BP curves of sample 4 at room temperature and ultra-low temperature recovery to

room temperature.

Figures 13-16 show that the loss curves at room temperature and ultra-low temper-
ature recovery to room temperature basically coincided, without any loss characteristics
missing. Therefore, these four kinds of silicon steel sheets can repeatedly work in ultra-low-
temperature and room-temperature environments.

3. Research on Basic Iron Loss of Silicon Steel Sheets
3.1. Basic Iron Loss Model of Silicon Steel Sheets

The basic iron loss of silicon steel sheets mainly consists of hysteresis loss and eddy
current loss. In order to facilitate the numerical calculation of the basic iron loss of silicon
steel sheets, an improved method of the basic iron loss calculation model of silicon steel
sheets per unit weight was proposed. The improved calculation model for the basic iron
loss of silicon steel sheets per unit weight is a function of frequency and magnetic induction
intensity, which can reduce the numerical calculation steps of the basic iron loss of silicon
steel sheets and increase the numerical calculation speed of motor stator iron loss [11-13].
The establishment of the improved iron loss model of silicon steel sheets is based on
the following assumptions: the silicon steel sheet is uniformly laminated, the magnetic
induction intensity is uniformly distributed in the silicon steel sheet, and the influence of
the eddy current skin effect is ignored.

Hysteresis loss calculation formula:

Pn = knfB* 1)
Eddy current loss calculation formula:
Pe = ke(fB)’ (2)
Basic iron loss of silicon steel sheet calculation formula:
Pre = Ph + Pe = knfB* + ke(fB)? ©

where pr, is the basic iron loss per unit weight, py, is the hysteresis loss per unit weight, pe
is the eddy current loss per unit weight, ky, is the hysteresis loss coefficient, k. is the eddy
current loss coefficient, and « is the material magnetic coefficient.

According to the comparison of loss curves of the silicon steel sheets, the loss of sam-
ple 1 was the lowest when the frequency and magnetic induction intensity were the same at
room temperature and ultra-low temperature. Taking sample 1 as an example, based on the
measured data of silicon steel sheet loss at room temperature and ultra-low temperature,
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the loss curve of silicon steel sheets was fitted by the least square method [14]. The hys-
teresis loss coefficient ky,, eddy current loss coefficient k., and material magnetic coefficient
« of sample 1 at different frequencies in room-temperature and ultra-low-temperature
environments are shown in Tables 1 and 2 [15].

Table 1. BP curve fitting data of sample 1 at room temperature.

Frequency (Hz) kp (x1073) ke (x10—%) «
50 0.520 8.764 20
100 1.600 4.872 20
200 3.094 2.759 20
300 4.308 2.041 20
400 5.100 1.656 20
500 5.946 1.414 20
600 6.651 1.246 20
700 7.273 1.119 20
800 7.785 1.021 20
900 8.114 0.944 20
1000 8.634 0.876 20

Table 2. BP curve fitting data of sample 1 at ultra-low temperature.

Frequency (Hz) ky (x10-3) ke (x10%) o
50 0.513 8.973 20
100 1.593 4.947 20
200 2.717 2.852 20
300 3.253 2.118 20
400 3.729 1.719 20
500 4.139 1.469 20
600 4.439 1.294 20
700 4.707 1.164 20
800 4.878 1.065 20
900 4.935 0.987 20
1000 4.993 0.923 20

According to the fitting data in Tables 1 and 2, the curves of hysteresis loss coefficient
and eddy current loss coefficient at room temperature and ultra-low temperature are shown
in Figures 17 and 18.

9
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Figure 17. Hysteresis loss coefficient curve of sample 1 at room temperature and ultra-low temperature.
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Figure 18. Eddy current loss coefficient curve of sample 1 at room temperature and ultra-low temperature.

Figures 17 and 18 show that the variation trends of hysteresis loss coefficient and
eddy current loss coefficient were basically the same at room temperature and ultra-low
temperature. The hysteresis loss coefficient and eddy current loss coefficient at ultra-low
temperature were both higher than those at room temperature. The objective function
Formula (4) was selected based on the curve of hysteresis loss coefficient and eddy current
loss coefficient, and the curve was fitted by the least square method.

i _Xx
y=aje " 4+aye 2 +4c¢ 4)
The fitting functions of hysteresis loss coefficient and eddy current loss coefficient at
room temperature and ultra-low temperature were obtained by parameter fitting, as shown

in (5)—(8).
Hysteresis loss coefficient fitting formula at room temperature:

k, = <—1.68e—76f.ss —10.55¢" 797 + 11.24) x 1073 (5)
Hysteresis loss coefficient fitting formula at ultra-low temperature:
_ __f -3
ky = | —4.55¢7 38558 —2.87¢" 222 +5.39 | x 10 (6)
Eddy current loss coefficient fitting formula at room temperature:
__f _ —4
ke = | 15.8¢” 2277 4- 3.65¢~ 2508 4 0.8 | x 10 )
Eddy current loss coefficient fitting formula at ultra-low temperature:
_f __f 4
ke = | 16.8¢” 042 4-3.88¢~ 207 4-0.85 | x 10 (8)

In order to verify the accuracy of the fitting function of the hysteresis loss coefficient
and eddy current loss coefficient, the error between the fitted value of the fitting function
and the calculated value was calculated based on the error formula.

Error calculation formula:

_ ’kfi —kea

ca

Ker x 100% (9)

where k., is the percentage of error, k fiis the fitted value, and k., is the calculated value.
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The fitted values and fitting errors of the hysteresis loss coefficient and eddy current
loss coefficient fitting functions at room temperature and ultra-low temperature are shown
in Tables 3 and 4.

Table 3. Fitting error of hysteresis loss coefficient fitting function for sample 1 at room temperature
and ultra-low temperature.

Frequency Fitted Yaslue Fitting Error Fitted \iaslue Fitting Error
(Hz) (x1073) 20°C) (x1075) (~196°C)
(20 °C) (=196 °C)

50 0.518 0.333% 0.510 0.542%
100 1.595 0.292% 1.608 0.925%
200 3.115 0.680% 2.656 2.257%
300 4.239 1.598% 3.298 1.375%
400 5.164 1.252% 3.777 1.297%
500 5.954 0.139% 4.146 0.167%
600 6.639 0.187% 4.430 0.200%
700 7.233 0.544% 4.649 1.223%
800 7.751 0.436% 4.819 1.218%
900 8.202 1.082% 4.949 0.286%
1000 8.594 0.460% 5.050 1.139%

Table 4. Fitting error of eddy current loss coefficient fitting function for sample 1 at room temperature
and ultra-low temperature.

Frequency Fitted Yilue Fitting Error Fitted \glue Fitting Error
(Hz) (x16) 20°C) (x10°%) (-196 °C)
(20 °C) (=196 °C)

50 8.758 0.068% 8.960 0.150%
100 4.877 0.095% 4.953 0.131%
200 2.734 0.920% 2.827 0.864%
300 2.065 1.158% 2.144 1.248%
400 1.676 1.234% 1.739 1.143%
500 1.412 0.118% 1.464 0.358%
600 1.228 1.433% 1.274 1.531%
700 1.099 1.766% 1.143 1.786%
800 1.009 1.177% 1.053 1.158%
900 0.946 0.241% 0.990 0.334%
1000 0.902 2.889% 0.947 2.560%

Tables 3 and 4 show that the average fitting errors of the hysteresis loss coefficient
and eddy current loss coefficient fitting functions at room temperature and ultra-low
temperature were within 3%, which was within a reasonable range and met the actual
engineering calculation requirements. By substituting the fitting function Formulas (5)—(8)
into the basic iron loss calculation model of silicon steel sheets, the improved calculation
formulas of the basic iron loss of silicon steel sheets could be obtained.

3.2. Feasibility Verification of the Improved Basic Iron Loss Model of Silicon Steel Sheets

Based on the basic iron loss model of silicon steel sheets, an improved model of
basic iron loss of silicon steel sheets was obtained by fitting the hysteresis loss coefficient
and eddy current loss coefficient using the least squares method. Taking sample 1 as an
example, the calculated value of the improved basic iron loss model of silicon steel sheets
was compared with the experimental value to verify the accuracy and feasibility of the
improved basic iron loss model of silicon steel sheets. The comparison results of the iron
loss of silicon steel sheets under different frequencies at room temperature and ultra-low
temperature are shown in Figures 19-22.
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Figure 20. Comparison of the improved iron loss model of silicon steel sheets under 600-1000 Hz at
room temperature.
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Figure 21. Comparison of the improved iron loss model of silicon steel sheets under 50-500 Hz at

ultra-low temperature.
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Figure 22. Comparison of the improved iron loss model of silicon steel sheets under 600-1000 Hz at
ultra-low temperature.

The errors between the calculated values of the improved basic iron loss model of
sample 1 and the experimental values at room temperature and ultra-low temperature are
shown in Table 5.

Table 5. The error of the improved iron loss model of silicon steel sheets at room temperature and
ultra-low temperature.

Frequency (Hz) Average Error (20 °C) Average Error (—196 °C)
50 1.690% 2.086%
100 2.589% 2.535%
200 2.122% 2.699%
300 2.364% 2.480%
400 2.528% 2.372%
500 2.688% 2.387%
600 2.386% 2.326%
700 2.268% 2.212%
800 2.426% 2.402%
900 2.437% 2.478%
1000 2.398% 2.576%

Table 5 shows that the errors between the calculated values of the improved basic iron
loss model and the experimental values were within 3%, meeting the actual engineering
calculation requirements and verifying the accuracy and feasibility of the improved basic
iron loss model of silicon steel sheets.

4. Research on the Basic Iron Loss for Motors
4.1. Basic Iron Loss Model of Motors

Silicon steel sheets need to be laminated for motor production. After the silicon steel
sheet is laminated, the distribution of magnetic induction intensity is uneven, the variation
of magnetic induction intensity is non-sinusoidal, and the loss difference between rotating
magnetization and alternating magnetization causes the loss to increase. Therefore, in this
study, a 30 kW cryogenic permanent magnet motor for an LNG pump was taken as an
example, as shown in Figure 23, in order to explore the basic iron loss model of motors at
room temperature and ultra-low temperature.
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Figure 23. Model of cryogenic permanent magnet motor for LNG pump.

The exploration of the basic iron loss model of motors took sample 1 as an example
The motor stator material was set as sample 1. The finite element simulation was carried
out on the motor to simulate the motor loss with different frequencies and stator magnetic
induction intensities. In order to ignore the influence of the motor stator structure on
the basic iron loss model of the motor, the extracted magnetic induction intensity of the
motor stator was the average value. After finite element simulation, the iron losses of the
motor stator with different frequencies and stator magnetic induction intensities at room

temperature and ultra-low temperature are shown in Figure 24.

w2

=
=3
=1

WMotor iron 10ss PCW)
)
=}
=}

Figure 24. Data diagram of motor stator iron loss at room temperature and ultra-low temperature.

Figure 24 shows that under the same frequency and magnetic induction intensity, the
iron loss of the motor stator at ultra-low temperature was always higher than that at room
temperature, which is consistent with the change of the silicon steel sheet. It can be seen
that the performance of the silicon steel sheet determined the change in motor iron loss, so
the basic iron loss model of the motor could be studied based on the improved basic iron
loss model of silicon steel sheets. The calculation formula of the basic iron loss for motors
is shown in (10).

Basic iron loss for motors calculation formula:

Pre = k¢ PreGre (10)

where k. is the conversion coefficient, pre is the basic iron loss for silicon steel sheets, and
Gre is the calculating component weight.

The iron loss of the motor stator was calculated based on the basic iron loss model
of silicon steel sheets. The conversion coefficient of the basic iron loss model of the motor
was obtained by comparing the calculated value with the simulated value of the motor
stator iron loss. The conversion coefficients with different frequencies and stator mag-
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netic induction intensities at room temperature and ultra-low temperature are shown in
Figure 25.

Conversion coefficient

)f\guenbali
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o]

etic W wcnvnon NS (A}
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Figure 25. Data diagram of conversion coefficient at room temperature and ultra-low temperature.

The objective function Formula (11) was determined according to the change in the
three-dimensional surface in Figure 25. The fitting functions of the conversion coefficient at

room temperature and ultra-low temperature were obtained by surface fitting, as shown in
(12)-(13).

+o0 +0c0
z=2zy+ Z apx" + Z buy" (11)
n=1 n=1

Conversion coefficient fitting formula at room temperature

ke = —73.779 — 0.01f +3.025 x 10752 — 5.01 x 10783 +4.169 x 10~ f* — 1.35 x 10"14f° (12)
+493.552B — 1196.852B2 + 1395.942B% — 782.333B* + 167.685B°

Conversion coefficient fitting formula at ultra-low temperature:

ke = —90.116 — 0.01f +3.065 x 10722 — 4.909 x 10783 +3.954 x 10~11 f4 — 1.248 x 107 14> (13)
+583.073B — 1384.303B2 + 1585.51B3 — 875.472B* + 185.705B°

4.2. Feasibility Verification of the Basic Iron Loss Model of Motors

In order to verify the accuracy of the fitting function of the conversion coefficient,
the calculated value of the conversion coefficient was compared with the fitted value.
The comparison results of the conversion coefficient at room temperature and ultra-low
temperature are shown in Figures 26 and 27.

According to comparative analysis, the average fitting errors of the conversion coef-
ficient fitting function at room temperature and ultra-low temperature were within 2%,
meeting the actual engineering calculation requirements. The fitting function of the conver-
sion coefficient was substituted into Formula (10) to obtain the iron loss of the motor stator.
The calculated value of the motor stator iron loss was compared with the simulated value.

The comparison results of the motor stator iron loss at room temperature and ultra-low
temperature are shown in Figures 28 and 29.
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Figure 26. Comparison of conversion coefficient at room temperature
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Figure 27. Comparison of conversion coefficient at ultra-low temperature.
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Figure 28. Comparison of motor stator iron loss at room temperature.
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Figure 29. Comparison of motor stator iron loss at ultra-low temperature.

According to comparative analysis, the average errors between the calculated and sim-
ulated values of the motor stator iron loss at room temperature and ultra-low temperature
were within 2%, meeting the actual engineering calculation requirements and verifying the
accuracy and feasibility of the basic iron loss model of motors.

5. Conclusions

In this study, different types of silicon steel sheets were tested to explore the appli-
cability of a stator material of a cryogenic permanent magnet motor for an LNG pump.
Taking sample 1 as an example, improved models of basic iron loss of silicon steel sheets
and motors at room temperature and ultra-low temperature were proposed. The obtained
conclusions can be summarized as follows.

a.  Under the same magnetic field intensity, the magnetic induction intensity of the sili-
con steel sheets at ultra-low temperature was higher than that at room temperature.
b.  Under the same frequency and the same magnetic induction intensity, the iron loss

of silicon steel sheets at ultra-low temperature was always higher than the iron loss
at room temperature.

C. The magnetization curve of the silicon steel sheets after being restored to room tem-
perature from ultra-low temperature basically coincided with the magnetization
curves at initial room temperature, without any loss of magnetization character-
istics. Therefore, the tested silicon steel sheets can repeatedly work at ultra-low
temperatures and room temperature.

d.  Based on the basic iron loss model of silicon steel sheets, the improved models of
basic iron loss of silicon steel sheets were obtained by fitting the hysteresis loss
coefficient and eddy current loss coefficient using the least squares method at room
temperature and ultra-low temperature. The accuracy and feasibility of the improved
basic iron loss models of silicon steel sheets were verified.

e.  Based on the improved basic iron loss model of silicon steel sheets, the basic iron
loss models for motors were obtained by finite element simulation and comparative
analysis at room temperature and ultra-low temperature. The accuracy and feasibility
of the basic iron loss models for motors were verified.

This article only took sample 1 as an example, and the research ideas of the basic iron
loss model of silicon steel sheets and the basic iron loss model of motors were proposed and
verified. According to the research idea proposed in this paper, only the material properties
of any material are known, and the basic iron loss model of the corresponding silicon
steel sheet and the basic iron loss model of the corresponding motor can be summarized,
which is convenient to calculate the iron loss of motors at room temperature and ultra-low
temperature. The summarized iron loss calculation model can quickly calculate the iron
loss of motors at room temperature and ultra-low temperatures, which provides a basis
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for the iron loss calculation of motor design, allowing researchers to quickly verify the
rationality of motor design. Due to the limited space of this paper, the iron loss models of
other samples at room temperature and ultra-low temperature will continue to be studied in
the future, and the iron loss models proposed in this paper will be compared and analyzed.
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