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Research on mechanism of electromagnetic performance changes
in silicon steel core of low temperature high speed permanent
magnet motors
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(1. School of Electrical and Electronic Engineering, Harbin University of Science and Technology, Harbin 150080, China;
2. Shougang Zhixin Electromagnetic Materials Research and Development ( Beijing) Co. , Ltd. , Qian’ an 064404, China)

Abstract; Due to the use of high-speed motors in low-temperature environments for low-temperature
pumps, exploring the impact of low-temperature environments on component material properties, investi-
gating the mechanism of low-temperature conditions on motor characteristics, and forming unified material
selection principles have become urgent issues for this type of motor. Experimental methods were used to
study the electromagnetic properties of different series of cold-rolled non oriented silicon steel sheets un-
der normal temperature (25 °C) and low temperature ( =196 °C) conditions, and the influence of low
temperature environment and frequency on the electromagnetic properties of silicon steel sheets were ana-
lyzed. Based on measured data and using finite element method, the stator iron loss of the motor was cal-

culated, and the distribution and variation of stator iron loss of the motor using different series of silicon
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steel sheets were obtained. In order to explore the reasons for the different changes in stator iron loss of

motors when using different series of silicon steel sheets in low-temperature environments, the low-tem-

perature impact method was used to measure the coercivity of silicon steel sheets, and correctness of the

law obtained from finite element calculations was verified. The mechanism of the influence of low-temper-

ature conditions on the electromagnetic properties of silicon steel sheets has been explored, and sugges-

tions for the selection of low-temperature, high-speed, and high-frequency motor core materials have been

proposed, providing theoretical reference and guidance for the selection of low-temperature motor core

materials in low-temperature working environments.

Keywords :low temperature and high speed permanent magnet motor; silicon steel sheet; magnetic prop-

erties measurement ; loss characteristics; low temperature impact
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2D model of low temperature and high speed

Fig. 1

permanent magnet motor
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Table 1 Parameters of low temperature and high speed

permanent magnet motor
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Table 2 Test accuracy

B, MR/ %

AL/ kHz XL REE B K
EAREEE  EE BRE WK
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Table 3 Sample parameters of silicon steel sheet

2 B 1 2 3 50W310
IR RO RNCIR K WAL i
HME/mm 20 20 20 20
A%/ mm 16 16 16 16
JELBE/mm 7 7 7 7
Fit/g 5.216 5.469 5.287  5.801
W/ (g/em’) 7.60 7.65 7.65 7.65
=Y 0.899 0.914 0.901  0.928
LRELIMAL 30 30 30 30

2.2 REDW

FEASTG AR M 22 000 5 e ZE A A [ (1 G 7 i S
XTERREM BEHAT I AL, , AT — U 5t 1) B[] 24
A5 s AiAT, MU A5 O 5 ST BV il 4% 4
IR AT — U i, RV i A e i 4
LN il 0 25 A7 VA 0 8 s, A ot 2 T L 4 I



AL AT AR R UK R AL B O HL R TR RE AR AR LB TS 99

FTbE A3 40 ~50 CZEA K 3 TR,

3 EZNESEEREE LA

Fig.3 Continuous measurement causing the sample

temperature to rise
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Fig.5 Magnetization curve of silicon steel sheet
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Table 4 Calculation results of stator core loss

T H e Fedn 1 FEdh 2 B3 50W310
Rt 321.5 323.4 380.6 803.6
o AN 928.1 851.2 657.8 1113.5
il
R 36.3 25.8 17.2 72.1
MEKFE 12859 1202.6 1055.6 1989.2
T 362.1 408.8 449.1 1026.8
AR 1099.4  989.6 733.2 1275.7
IR
B fm 46.3 31.2 20.6 87.5
MEHE 15083 1429.8  1202.9 2391.8
x5 TEFHRFEREMEL
Table 5 Increase ratio of stator loss
B %
it H T TR B im EVERHE
B 1 12.63 18.46 27.55 17.30
) 26.41 16.26 20.93 18.89
FEdh 3 18.00 11.46 19.77 13.95
50W310 27.78 14.57 21.36 20.24
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HiR/ (W/kg) 493.2  428.1 327.4  574.6
WFE K/ (W/kg) 579.3 505.4 358.2  694.9
a9 17.46  18.06  9.42 20.94
HR/ (A/m) 194.3  258.3 338.6  649.8
B AR/ (A/m) 209.5 292.1 380.6  794.8
Ha R/ % 7.82  13.09 12.40  22.31

WEEFE 6 HIRESL 1 FI AT LA 2, B0 1 B%T
7O 3 TNV JRE /0N , LA AR 8 Tt J3E 50 5 AN 2t e

ZINBRY 3o PR DA A it 1 Y 5 R 8 T AT R A
ZIN TGI8 S A FEE Ili EEHK

270

A A B
M] 300 A/m
240 , ' ——50Hz
it 3 "0k
—~ 210} # ' ~+—300Hz
g 1 | —4—400 Hz
£ M+Swm
= V ——600 Hz
R 180 ——700 Hz
=8 M_A—A—A—A\A_A_A_A_A\\A_H+SOOHZ
| 900 Hz
K 150 M«—lkﬂz
| 1 —+—2kHz
1201 1
43’ | | f—s—s—a
%0770 10 20 30 40 036912
F5} [8] /min
(a) FEAH LT B2 10
400 A K x
! ! g2
VA H 1300 A/m|
3501/ . 50 He
:'li tz :l +%g
g 300 4 v —+—300 Hz
= 1/ | —4—-400 Hz
< 250 4(:/ e q - S0H
.R ; \’\‘w—n——ﬂ_‘_mm
Ny % ——700Hz
B A \\.—ka—-—soom
¥R 200 0 s
AT "\* .
} i : —+2kHz
150 v !
¢/I . M
100 Vv Y s
0 10 20 30 40 036912
Fs} [8] /min
(b) FEF 25 1R AL
390 % A
i : PR3
360 [} /)1 1300 A/m
; ——50Hz
330 M/L NP> 5> —o 100 Ha
| 200 Hz,
= 300 /i . ——300 Hz
S 270 /I M:g‘%i
5 20| e LU T
B 210 v i —800 Hz
= /1 i 900 Hz
180 (v 1 ! ——1kHz
120 fprdeeeee——— oL,
g ¥ ’y
0 10 20 30 40 036912
A5} [8] /min
450 (c) R 3BT HIAE AL

>
S
>
~

(A/m)
E
M

¢

g

E

~

2 50W310

2 600 A/m

——50 Hz
—=—100 Hz

200 Hz
——300 Hz

750

650

< 550 )j \M_H+Soom
R I \$H+6OOHZ
——700 Hz
§450/ﬁ’°°°°°’°\' ——800 Hz
900 Hz
350 f, ? ' ——1kHz
250 to] N
.I I 1 ‘.—O—k.
vy 7
150 0 10 20 30 40 0360912
A [8] /min
(d) S0W310%F 781 /1 Hy 251k
10 FEEMAREDE T
Fig.10 Change of low temperature impact property of

silicon steel sheet



59 3]

W5 53k 6 SEATXTEL AT LU 1, BARAE M 3
(PRI FE 1 0 Rt B A /Dy, (S R MR FHARE o 3 A
SRR AR AT I R s AR I S B OO R A
AN s SR RE i 1 VRS AR R I IR i i 18R
00 R /0N T EL AL R 104 398 S A HE R
i3 B MRYER 6 T, X TR 1 7RG
IS5 W g B 0 iR B e/ N T LA ER ) 5 0 Y
Rt ink e iy RN o AV s e 4. % = S LI (A T R i oy
SEEGEE R RHIE T A FROT T T A A A B

S RE SN BAR AR AR w5 e 3R 0y A8k
o BEAR R A ERAE T2 R A S R R IR T AR
55 BRI RE , b g A0URE S IR TRASURE Y o LR
T iy 5L FE 2 R AN AR R AL R T R 11432 30 5 [ RS 1)
PAFE , FERE Al T v — 8 43 o WG i o 2 T 40 U AR g
FEL R IR AR th T RES R SR 7ERE
Al it AR TP R A9 R PN A R T R BR FEL B BR AR
IR AR S 3 AL A IR i TE SR B O IR i
FE 2.2 TRZESHT R & B, I 3 A v R 4
T AR S5 TR

S5 1 SURESN R SEACRE Ak il e ) i 25 5 ]
AR R EARTRLIASE T B RE 3 K, TR e 2o pad
P vl i T B N ) 2 1) R ik JEE S R, R R
Sk ) 3 PRI R R ) R T AR RE B 5 [RD B
i 5 308 1 B AR, RE AN R 1) R B B ARG, F 5 e 0
K, B T FER A, P AR AR IR BT L
RO FERS N,

4.2 REBEHNEIEENAFBEUMEESRTEHE
3

R T PR RE I R A TR A P B )R 3 S
TR 285 i B, LG At 48 S AR th 422
RAT AR AR A PR 2 /NE S
TR AL H ISR T f s 24 /B, PR &
Hugfbth g SR 4, 5 R B Z i 0y 5 iR w1k
M SR Z/EXT EE, aniEl 11 Fis

M1 LR W DURE S 2 B, e AR
W RIS G A th 2 A AR 1 A — B, H
PEREAR B AT R ARAL , XEHARMRIEAT T R AE
ORI O N AT SO B N A o N B G A e 14
AL X [] — IR A A T AR g B, ARG B
Berp O AR BB A AR AR ] ARk, BT L
SPIZREAF AT ARG, 2% 45 90 IE T A SO IR 52
507 L A BRE

AL A AR = KL B AILEE B RO FE RE PR REAZ AL HLBRAIT ST 103
1.4
1.2
1.0
£ 038 BEE52(0.2 mm)
& 25 25°C,,
#H 06 —e— -<- 600 Hz
—=— -a- 700 Hz
0.4 —o— -o- 800 Hz
—— -~- 900 Hz
0.2 —— -4 1kHz
—— - 2kHz
0 " " " n
0 200 400 600 800 1000 1200 1400
3758 /(A /m)
(a) &AL IR
Ao FEFH2(0.2 mm)
25°C 25 C,,
—— *- 600 Hz
4001 o .. 700H:
—o— -o--800Hz
® —— -+ 900Hz
2 300 —— -<--1kHz
% —+— -+-.2kHz
% 200
100
0
80 280 480 680 830 1080 1280
1% /mT
(b) BPRIZR
E11 #m2 EEPEaTEEETK
Fig. 11 Performance changes of sample 2 before and

after low temperature impact

5 mRARERE#EEREUNIE

P ST AN, B ARG 2% T 1
WO, A A 44 08 T 4 M A P . K2 ol T 1
IR A P R0 Y AR LA O , 3 K, DRI
HCFREVERE EFE . REALRAE | KH 0R TN B
B 2 A BN 12 TR

2200 =
2000} ~ o
o e
¥ 1600
& 1 400
?;—<v
21200
1000
S T —

0
-200 -150 -100 -50 0
REE/C
E12 #ERAEN#“SEREENEWL
Fig. 12 Change of relative permeability of silicon steel

sheet with temperature



104 BoHl 5 % 6l % R

%28 &

B 12 Hraf LUE B R 7R IAEE N /Y
AP ORI =N L R O = L) R RS
PERE TR
FAECRE A B 43 U AE IR AVIGIR A5 T B AE mT
DAFE 0025 v ], T 1140 728 £ XoF i A ) 5 i
0, i RUATRIR Z A2F TT 450E 0 185 i B R K, X
S TEEMRRIRAEE T, B LR B AS , EAK i R
BH 3R BRI, R 3807 1o TR 8 O 5 Wl 7 386 K, 3 30
T REHEPRFERG O, PRHORE B R R oA RE S T e AR
A2 iz e S
il iy 0UFE 1 LU T 2 A8 RS W MR8 f R i Rl 2 )
T AR R R L AR v, iy [l 26 1) Tl RRULE e T
MW FIRERE B, B n IKTT ,n AR AR 250, n AE
W AR X T — AN A 1.6 ~ 2.3, BT
FAFERT KRR R
= GJ/BLV, (10)
Kb €, I T B BT 48
MREHAAEREL €, MR ARV —E i) I
RS T RE R IR ARG B BSIN, SBCT ARk
Tt R v | i B it o0 %) B2 1) s 37 i R A SRR
BRI 38 K, Rl A ek i W i [ 2 5 A A B 6
BCAY T ARG K, i ARG e 40U RESE
T3 T AE 0 v T 3 S ) P BEL B A AR Oy 108 T B A
p. AR N
p. = CAFBV, (11)
Kb €, WiRIIFE R AL, R SA R LB A
FEAN IR
MEEW R IR A R LRV —Em, B
T2 ARG, B4R Y R BEL 3R AT, TR IR P FE R 2K C,
AR, HARFIRESS B 3G, DA G g AE 3 K

6 % it

ASCRM—6 B - H EA A2 7R
ARG M AR R, R A BROGIE T3 1 L
TE T AL il LR T IFRIT T AR GRE T
R U ER v B N N E NN = 3o E D d X 3
TR AF T B R REPEREZZ A AL, 24 e T .

1) fe 3 7K i F AL A E 5 SRR A G PR 05 T 1
T, e T RO R AR AR L AR )N
IR T AR FEIE R B3 /] 2R R 2R B RE B 1 15 R
BRI RE T BRAEH I B A/

2) REAY AR AT T 1 S R BE AR T, (AR

IR BRI N B R, X i TR AR AF T
FEEAW A B R ELIEARR , S -, DR S P
Tt REBOR Y L LR, S 30T i R K ik
BUOR BRI IO, S BT RGBS R, D R
R R Tl RN AP TE ) I T S

3) RESN A B X il 2 7 P o A, LA
T AG B N B Hh md )y LA B R R o
A AR T B R RE R R K A AN ] U

4) AR IAEE N AN A 5 S m v RESE I, A2
BEAE T 2005 T A] LA LAY RO SRt it —
A, /N it

FT L S5E R A HLB O R R A REH
Fr it Bt alH an s BT 2% . RS R IR
g AR S AR A RE B R AR O IR A LR bR

& % X #:

(1] ZCRRMN, BOcWe, i, 55 W LNG AR H LK

KEEBAR R LA [T]. B E AL T 24, 2014, 34
(15): 2396.
Al Chengliu, HUANG Yuanfeng, WANG Haifeng, et al. Devel-
opment of the cryogenic electrical motor for the submerged liquid
natural gas pump and its key technologies[ J]. Proceedings of the
CSEE, 2014, 34(15) : 2396.

[2] DLUGIEWICZ L, KOLOWROTKIEWICZ J, SZELAG W, et al.
Permanent magnet synchronous motor to drive propellant pump
[ C]//International Symposium on Power Electronics, Electrical
Drives, Automation and Motion, June 20 —22, 2012, Sorrento,
Italy. 2012 822.

(3] UM, woowg, T, 25 ORI KRR R ST

RSP RS EAIT )], P EBHLTRE A, 2015,
35(20) . 5317.
AT Chengliu, HUANG Yuanfeng, WANG Haifeng, et al. Impor-
tant parameters design of inverter-driven cryogenic induction motor
for submerged liquid natural gas pump[J]. Proceedings of the
CSEE, 2015, 35(20) : 5317.

(4] ZSE%, XN, Tirhp, % LNG AT sk mi el =
A SR RARFE R TS 7], T E AL TR AR,
2020, 40(2) : 634.

GE Baojun, LIU Haitao, WANG Likun, et al. Analysis and cal-
culation of three-dimensional electromagnetic field and eddy cur-
rent loss of cryogenic high-speed permanent magnet motor applied
for LNG pump[ J]. Proceedings of the CSEE, 2020, 40(2) :634.

[5] ZHENG L, WU T X, ACHARYA D, et al. Design of a superhigh-
speed cryogenic permanent magnet synchronous motor[ J]. IEEE
Transactions on Magnetics, 2005, 41(10) : 3823.

[6] GUO C, HUANG S, WANG J, et al. Research of cryogenic per-

manent magnet synchronous motor for submerged liquefied natural



59 3]

B A A AL v ALK P LIRS R B O L A P RE AR AL ML BRI 5

105

[10]

[12]

[13]

[14]

[15]

gas pump[ J]. IEEE Transactions on Energy Conversion, 2018,
33(4): 2030.

YRk, SCREMN, BE O ER. S R AR AR IR A LR
BHRRIEZHR[ )], BRRRIAL, 2016, 44(1) : 87.

TU Jin, Al Chengliu, LIAO Yongxi. Summary for material proper-
ties of cryogenic induction motor for submerged liquid natural gas
pump [ J]. Small & Special Electrical Machines, 2016, 44
(1):87.

PRONTO A G, NEVES M V, RODRIGUES A L. Measurement
and separation of magnetic losses at room and cryogenic tempera-
ture for three types of steels used in HTS transformers[ J]. Journal
of Superconductivity and Novel Magnetism, 2011, 24(1) : 981.
MIYAGI D, OTOME D, NAKANO M, et al. Measurement of
magnetic properties of nonoriented electrical steel sheet at liquid
nitrogen temperature using single sheet tester[ J]. IEEE Transac-
tions on Magnetics, 2010, 46(2) . 314.

MIYAMOTO M, MATSUO T, NAKAMURA T. Measurement of
vector hysteretic property of silicon steel sheets at liquid nitrogen
temperature [ J ]. 2011, 87
(9): 111.

BOGDANOV I, KOZUB S, SHCHERBAKOV P, et al. Study of

Przeglad  Elektrotechniczny,

electrical steel magnetic properties for fast cycling magnets of
SIS100 and SIS300 rings[ C]//Proceedings of EPAC 2004, July
5-9, 2004, Lucerne, Switzerland. 2004 1741.

Mg, M, Hanlk, 55 gon s e ARIR T BRE M RE A BIF
FE[J]. R HRERTHIA, 2003, 22(1): 35.

CHEN Min, QIU Ming, XIAO Liye, et al. Research on the mag-
netic properties of iron core materials at low temperatures[ J ].
Advanced Technology of Electrial Engineering and Energy,
2003, 22(1) : 35.

DING X, REN S, XIONG Y, et al. 2-D magnetic properties
measurement system for electrical steel sheets considering lami-
nated direction mechanical stress [ J]. IEEE Transactions on
Magnetics, 2017, 53(10) : 1.

YANG M, LI Y, YANG Q, et al. Magnetic properties measure-
ment and analysis of high frequency core materials considering
temperature effect[ J]. IEEE Transactions on Applied Supercon-
ductivity, 2020, 30(4): 1.

WRESHE, 2758, XIR, &% DREINEE 7 vh o) e ik Sk g
R T RS R R [T ], mEVEASRE R AR, 2015, 46
(3):21.

CHEN Xiaping, CHE Shenglei, LIU Dong, et al. Temperature

[16]

(18]

[19]

[20]

[21]

[22]

rise and its influencing factors in the core loss measurement of
power ferrites[ J]. Journal of Magnetic Materials and Devices,
2015, 46(3) : 21.

EK, B, BTEE, S (RIR R AR AL T
BB SR T [J]. LS 22 4R, 2023, 27
(7). 111.

DONG Chuanyou, JIN Pengfei, YANG Zihao, et al. Design and
strength analysis of rotor shielding sleeve of low temperature and
high speed permanent magnet motor[ J]. Electric Machines and
Control, 2023, 27(7): 111.

BERTOTTI G. General properties of power losses in soft ferro-
magnetic materials[ J]. IEEE Transactions on Magnetics, 1988,
24(1) . 621.

ZHANG F, DU G, WANG T, et al. Electromagnetic design and
loss calculations of a 1. 12 MW high-speed permanent-magnet
motor for compressor applications[ J]. IEEE Transactions on En-
ergy Conversion, 2016, 31(1): 132.

ZHAO H, RAGUSA C, BARRIERE O, et al. Magnetic loss ver-
sus frequency in non-oriented steel sheets and its predicition; mi-
nor loops, PWM, and the limits of the analytical approach[ J].
IEEE Transactions on Magnetics, 2017, 53(11) ; 1.

PVES, KA, XK, 45 AR IESZMU T 49K S ko S FE 1Y
WEF RS TRRBIELT]. B TR A %R, 2022, 37
(4): 827.

SUN He, LI Yongjian, LIU Huan, et al. The calculation method
of nanocrystalline core loss under non-sinusoidal excitation and
experimental verification[ J]. Transactions of China Electrotech-
nical Society, 2022, 37(4) . 827.

FERERG, TRIEMS, TR EE, S vl R AR AR AE I
BEFERIIL]. W /R BEHE T RS54, 2022, 27(3) : 1.
CHENG Yaonan, ZHANG Xianpeng, ZHANG Guangxin, et al.
Study and application of cooling technology for high speed motor-
ized spindle [ J]. Journal of Harbin University of Science and
Technology, 2022, 27(3) . 1.

INTRE, TIUSS, RIS, 5. A U RER R I SCRE B HL AL
WEFE[J]. RHEHLEAR, 2024(3) : 57.

SUN Yuliang, WANG Jiuchong, ZHU Haoming, et al. Applica-
tion of oriented silicon steel sheet in switched reluctance motor
[J]. Large Electric Machine and Hydraulic Turbine, 2024
(3):57.

(% %5 . X Ak )



