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Abstract; This paper presents a systematic analysis of the structure and design characteristics of
motors and comprehensively introduces the technical issues related to the comprehensive design of
the high-speed permanent magnet motor system in a high-temperature environment. Considering
the change of physical and electrical properties of motor materials under high temperature, the re-
lationship between the electrical steel and permanent magnet materials, and temperature is tested
and analyzed. This reveals that the magnetic conductivity and core loss of electrical steel decrease
gradually with the increase of temperature. Based on the type and temperature resistance grade of
the insulating material and lubrication system, the characteristics of stator and rotor topology
types under different temperatures are compared and analyzed. This paper also proposes a claw-
pole stator topology for a wide temperature range, a low-harmonic multi-layer unequal-turn wind-
ing topology, and an integrated self-cooling composite rotor structure. Key issues concerning the

following aspects are summarized: rotor support technology of high-speed permanent magnet mo-
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tors, calculation of mechanical characteristics, dynamics analysis, and improvement of dynamicity

and anti-disturbance of driving control technology. Finally, we forecast the future development

trends and hot spots of high-temperature and high-speed permanent magnet motors regarding

high-performance magnetic materials, new processes, new topological structure design, and other

aspects.

Keywords: high-temperature environment; high-speed permanent magnet machine motor; high-

temperature and high-speed permanent magnet motors; structure features;design fea-

tures
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Fig. 2 Steering gear assembly diagram
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Fig. 4 Different types of stator structures
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Fig. 5 Stator of high temperature permanent magnet motor
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Fig. 6 Different winding structure types
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Fig. 7 Multilayer unequal-turn winding topology
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Fig. 9 Claw pole stator structure
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Fig. 10 Rotor structure with copper shield
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Fig. 11 Different types of rotor structures
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Table 3 The parameters of test ring sample
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DU
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100
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<200
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Table 5 Electrical strength of PI enamel wire with enamel

film at different aging times at 300 °C

HLAUHR B/ (KV » mm ™)
Oh 168h 336h 504h

FE b

@0. 31 mm &2k

. >3 000 2 460 930 0
(AP FE 0. 02 mm)
@0. 15 mm &ALk
. =30 000 1 330 350 0
(AL FE 0. 016 mm)
@0. 1 mm ¥4
1 360 0 0 0

(BEEERE 0. 012 mm)

# 6 PI#BE 300 CHB R R &AL af 8] 49 & 2, 5%
Table 6 Electrical strength of PI films with different
aging times at 300 “C

AR/ (KV s mm )
Oh 168 h 336 h 504 h 672 h 840 h

GG

0.02mm#ZE 48.3 35.3 33.0 16.5 19.0 10.2
0.02mm X2 72.8 75.0 71.5 32.0 26.0 35.0

0.04 mm #JZ 65.7 — 38.8 - 36.9 18.3
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Fig. 19 Ceramic insulated nickel-plated copper wire
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Fig. 20 Rotor structure with different sleeve
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Table 7 Different sleeve material parameters

Hfi

ZH
1Cr18Ni9  Ti6A14V CFRP
HREE/(kg e m ) 7 920 4 400 1650
BPERLR/ GPa 184 110 183
THAS L 0.243 0.31 0.28
L/ MPa 520 825 1500
PIZIK ZB/K™Y 15X107° 8.45X107° 0.02X107°

HSZE/(Sem ) 13X10° 5.6X10°  1.5X10°
SHEHK/[We (m-K) '] 15 7.5 1.7

ferm AR AZ IR E/ C 525 290 180

SRR O HL P S B2 B B T R R
WEE T MR A ik 3 B R B A 6 B — 1
e G TR RE BT L AR D . SCHERC 73080 T
o R PRI T G AT e Y 3 Rk kL . O W Ve A Ak A
e R T MR QTR R Ak B = R A T A R O £F 4
58 Ak Y R G R R

(2) TGP RHERE . o Tk e KRG L HLK G 41
RFT AT R R R RE TR 5 A B 1 R e
FIT E L AE 1. B BT, NdFeB F1 SmCo 7K #% b4 #H7E 5
R AL A Y AL, 3R 8 i JLAR AR i
AT BHREEBES B LB . T LA, NdFeB 7 A4 #H
A4 J L IR B AR, K G A RV RE T 25 5 A2 A B T Y
i AE TS . M2 T S8 B E BEE
BRI R AR O AR A R AN TS T AR R A
P HOARMER TAES G . HET, 2285 KB 0 TAE
TR B 2] LIIKE] 500 °C LA, 2:17 8 Sm, Coy, K 41
B B KRG RE R AT T 262. 7X10° J/m”®,
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Table 8 The properties of different permanent magnet

materials
PERE - ﬁﬁ‘
SmCo;s Sm, Coy; NdFeB
FIRG % /T 0.9 1.12 1.25
i Sy / (kA s m™ 1) 636 533 796
MX I ERS%E 1.05~1.10 1.05~1.10 1.05
T TR R A % —0. 045 —0.035 —0.13
JE& R/ C 720 850 310

3 BT BRI

1 T AL R S Rl R 53 2 A R A 42 fih
SR, 3 o s 7R T 2 5 g S VR R Al R 0 5 2l
7R AR A R S B A5 SRR IR R K

1 A VR A R A AR ) A R A e LB
A He A iz o BRI A e s AT i AR L TR
T b 7R 23 Hh BRI T 200 8 % S5O R T T o
ol 7 i T W AT SRR AR B R AR HL A R
LA T e R A AR R RO AR S RO A
RE B RARBE S AR AR DT PRI SR T B e AR
T LA TR 5 P e i 7 ) BB B v TR R Bl R
PEBEA AT SEPE A9 B A RS . [ 21 9 PR S T Fy
B, R 9 R GRS AR S RO HU L

(a) 4 W % K (D IR A M & K
Bl 21 AS[E) 28 B0 1 Bl s 7R
Fig. 21 Different types of ceramic bearings
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Table 9 Performance parameters of two types of

rolling bearings

S A
Wy % 7K AP Bl
B /(g e em ) 3.35 7.81
LK RE/ (KD 3.6X10°°  13.3Xx10°
HLFHR /(Q » m) >10" —
HEE /N 0.27 0.29
PP/ GPa 320 207
W/ (kg « m %) 1 400~1 700  700~800
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Fig. 25 Different cooling channel structure of stator housing
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Fig. 27 Cooling rotor structure

6 ISP 2R GEHE 5T R b A RS

e A I PR AL 3 SR P e A A g A L K
ST RGATAE R A LLUT R AL O w5 K 0 i L
T T )R A 0 FF O A B, DR ot e AL
BB AT I O TR T B8 L T I A R
@) 15 18K WG LS8 4 PR /N s B PWML 3 il 7
J5 W FL R 43 7 AR R B HL IR B, 5 BUE F LT
W FE RN, U A 28 RS T W i O SE
X AL %) A IO ) 5 5 ST AR U 7 R
e e SR R T M DL 2 AR R T
SEORT R B AR L L ke B AT R 2 1
IR GARFRR A, AR R Gl S vk Rtk i
TV I B i RO e 0 B AR B R R F L] 5
RSB 14T R T R 8K % [m) 20 v AL EIK 2l 428 ] 1 G 5
[7] R

LR I O, AN LC U8 Uk AR 2 H AT
046 35 A s 7= A B (D9 I 0 S B O ik L A A5 A
fEf B RS AR R A A # . SCHBRLS3 14 M T — i A Al
oA ) B LCL 39648 g 42 1 7 i s SCHR84 J4& ik T
— 7 B T AT A R g T A g e R A 5 S
Bk (85 J0FH T & 1. 4X10° Hz.1 MW 4 = B F &
A LR TR IR 2% . R F SIC #l St #3FRIR &
F 0 RHLIR A AL E R G0 1 75 0K s SCHRL86 14T
XF Ak BE 2% 18 5 7 Az 3k R Y R) R B T — b
RL JEWE A BETHHEN . 7E T & i BoR . &
BT R B S BRI T EG R . WA
Tl o A Tk B S 6 Al T L RIR 2RI
air B AN TEER B RE A ] O 1 RR S LI 2% 04 o B
fTFk o AR UL I 2% AN |, AT 18 22 [R] A SO0
25 o b G TR ASEOUL I 2 0 e A A% UL N % 55

ol B AT B R F ALY S B SR
Tl e 1 P JR i R O A BIK Bl R I 4 T R g 32
FNFZ o, Ak 3K R Ge 34 i T A R, T A

http: // zkxb. xjtu. edu. cn

R R R 1 1) A P 2 ol 0K 3l 2 9 ) 42 o P E LA
Lo i REMESZ BB R, UK Sl 5 ) 2R S8 9 T 58 R A
S5 WUBIL Y HL TG 2 BOR T & 1R 19 JRLRE R A E
o075 JEIR TN UL AR SRR A R L B LR
Pl il T . SCHIR [87-89 T MR F i 1 E 20 M7 17 JC 4
PSR IR 5C R R L IR BF ) T T 4 5k B0 55
4 1 s SCHR 90 )23 M7 1 v 25 4% A7 iy 5 T T 2 1) )
SR PEE s SCHRLOT TR T — P S 45 ) SR s 7
IR PR BT AT B (9 DT Bl A0 A i e A SCRR (92 ]
XIHR o JT e PR AT 1 v I 5 AR 4 0 B 2 2R
Py BB RIAT B 1 il B K G E LR B &R ek H AR
i B R B BT L

S B TE A A X e I A% 1R T SR 3 4 R AR R Y
IS T A BE — 5 PR 5 R 5K 3% . Y L 3
BESHCT RO S b . TR IR F T
YR 3l 22 el 5 22 N R 0. O B PR KBl A
R PR AT TR A M 22 1 20 B 4R TH S S BT
R E v L IS R R, BA R B R X,

7 4 B

I N Ak 2K Jre FBIE 5 BUIR 2 T B0 8 R PR R
T S R 7 K P BIL R T S A5 0 AR A G
5 0 7 AT AR 22 [P R A5 i ke . AR SCRAR T
LR 5 ATt

COREPER B, BRREREEF0 K R A4 R A4 2
PR 55 I B AR OC A9 52 A pR R 2 W 24 e il 2R F T
R KR DL A SC B PR 2R L s O A S B A R IR R
P AR G K S e 4R TR BB v A B RE
i S RS I IR A BIBEIT

Q) EFT AN . A G0 T A A
il S v T K R P BILSE B T 9 T 2 R A 28 L R
Mo HT R R FR BT Y AR O A 2 R AT A T E R
1o BT PR RE L S T Y B TR A A A R R
oK e Ik e T K R B — AR ST R

OWAETT . L B R e AL,
PR e LI AE . S il PRI e L AL E B
FHFE MBS 2307 J5 1 L R LA K i 5 6 ik 4
HARZEEL,

(OPRAE GV H AR GE . HUFE RT3 R0 ] 2
1+ AL Tl VL ML ARG T R AR B LA AT DGR . AR
i PR IE T R AL ECE 5 08 30 R SR R T AL
AR EE N R, SEE LS 807 20 X5 1
RGEHEAT HLAR VS 1N, S T AL IO i A R ik —
LT




44 [~ . '] ¥Oo¥ O %56 %
GIIER RS, SHEFELAUT . ZHEIS al. Overview of control and grid synchronization for
R TT A R p 52 i, B R G nl SR distributed power generation systems [J]. IEEE
PRS2 B4 3. WF ST 40 M7 IC 2% 0 B R e, 4 Transactions on Industrial Electronics, 2006, 53(5):
0 80 3 R G R 4 A A 1995 1408 |
B2 55 () — A BE 5 340 [8] RAHMAN M A, CHIBA A, FUKAO T. Super high
. speed electrical machines: summary [C]//IEEE Power
25 BT TR R A A b B YR AR ORI [ B T o o : :
Engineering Society General Meeting, 2004. Piscat-
B 2 4 A e L 9 3 T S, e 2001, 127 1275,
PR SRR TROCKI PRI BORIRSETROL 1oy g, A, deth, . ol LR AR
ARG AT S IE 1 EXH B RO AL R H 3 L FE 0 96 5236 B OB RE B 52 (00, vl L5 o
oK g R v UK B ALY B SR R R 5 1R < %4, 2004, 8(2): 160-164,
PEREMT LS RE BT T 207k B B S A FE s AL YANG Yubo. WANG Xiuhe, SONG Wei. et al. The
IR s 3 TR B M RE O i B 5 s it i R research of ambient temperature sensitivity for the per-
Z@ﬁ%’{%éﬁ ; %ﬂ:ﬂ@;y_j@r&l— E@%%iﬁ&*% L A, formance of PMSM [J]. Electric Machines and Con-
IR R BT R A R B R S0 317 1 trol: 2001, 8(2): 1607164, ,
AHEN . 2455 4156 0 3 g kst L 100 PR SHERURSICR AT BT SRR AR AL
ST B S R B TR FIRIE D1, TR WA L 2014
(117 skaz s, 97 AU 2R 45 9K g s ML S GOl 32 o 44
i 7% [DJ. Ma/RE : W /R Tl K%, 2013,
SELM. C12] TSCHE. AR BB AT ) B B e B
[1] BOGLIETTI A, GERADA C, CAVAGNINO A. High- B 2 6 0 Bk Eh 10 B ()], A b A Sy e 2k 22 4R
speed electrical machines and drives [J]. IEEE Trans- 2008, 35(3): 24-27. 32.
actions on Industrial Electronics, 2014, 61(6) . 2943- WANG Aimeng. LI Heming. Influence of permanent
2945. magnet material and temperature on interior permanent
2] ERA. s AL I BT R i B SE B AR W 5 [T, magnet machine performance and torque ripple [J].
TR BH Tl K522 4, 2006, 28(3) 2 258-264. Journal of North China Electric Power University,
WANG Fengxiang. Study on design feature and relat- 2008, 35(3): 24-27, 32.
ed technology of high speed electrical machines [J]. [13] CAPPONI F G, TERRIGI R, DE DONATO G. A
Journal of Shenyang University of Technology, 2006, synchronous axial flux PM machine d, ¢ axes model
28(3): 258-264. which takes into account iron losses, saturation and
(3] GIERAS ] F. Design of permanent magnet brushless temperature effects on the windings and the permanent
motors for high speed applications [C]//2014 17th In- magnets [ C]//2006 International Symposium on Pow-
ternational Conference on Electrical Machines and Sys- er Electronics, Electrical Drives, Automation and Mo-
tems (ICEMS). Piscataway. NJ. USA: IEEE. 2014: tion. Piscataway, NJ, USA: IEEE, 2006; 421-427.
1-16. [14] CHEN Junquan, WANG Dong, CHENG Siwei, et al.
[4] MOGHADDAM R R. High speed operation of electri- Modeling of temperature effects on magnetic property
cal machines, a review on technology. benefits and of nonoriented silicon steel lamination [J]. IEEE
challenges [C]//2014 TIEEE Energy Conversion Con- Transactions on Magnetics, 2015, 51(11): 1-4.
gress and Exposition (ECCE). Piscataway. NJ. USA.: [15] WELCH R H Jr. YOUNKIN G W. How temperature
IEEE, 2014: 5539-5546. affects a servomotor’s electrical and mechanical time
[5] LAILL, CHANT F. 4450 % f . J8 N Ik 1 & L constants [ C]//Conference Record of the 2002 IEEE
BL M. ALREHT, 25 dbat. HLBR Tolk i ik, 2009, Industry Applications Conference. Piscataway, NJ,
17-35. USA: IEEE, 2002: 1041-1046.
[6] GERADA D, MEBARKI A, BROWN N L, etal. De-  [16] Bk, ABEES. 4870, . fif i i A id s L% & 31

sign aspects of high-speed high-power-density laminat-

ed-rotor induction machines [J]. IEEE Transactions

on Industrial Electronics, 2011, 58(9) . 4039-4047.
[7] BLAABJERG F, TEODORESCU R, LISERRE M, et

http: // zkxb. xjtu. edu. cn

REXREEA [T]. SME M58, 2016, 3(2):
65-70.
TANG Yongbin, HAO Xiaoyu, JIE Jun, et al. Devel-

opment and key technology of heat-resisting permanent




i 10 1

e

S8 R R T K P AL G R R ST £ 0 45

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

magnet motors [J]. Navigation Positioning and Tim-
ing, 2016, 3(2): 65-70.

LIU Hanzhou, CHOW L, WU T. Design of a perma-
nent magnet motor with wide temperature range [L]//
41st Annual Conference of the IEEE Industrial Elec-
tronics Society. Piscataway, NJ, USA: IEEE, 2015;
003816-003820.

PNEREE . R R) A0 H AL S TR B 0 T 1 8 A U T R 1 U
¢ LDJ. MyUREE . W /RIE Tl R4, 2017,

PUIP N 3 B AN S P NE 22 @ A I TN £
Bl [T]. At zs A K K224 . 1997, 23(6): 49-
53.

LIU Xiangqun, ZHU Yaozhong, GONG Guanghong,
et al. Design of SmCo permanent DC motor for aero-
space use [J]. Journal of Beijing University of Aero-
nautics and Astronautics, 1997, 23(6): 49-53.

KL, MR, W W IR KRG LR R Rk [T,
fRFHLPL, 2020, 48(11): 56-58, 61.

ZHANG Cheng. SHANG Junyun, CAO Kuan. Over-
view of the development of high temperature resistant
permanent magnet motor [J]. Small & Special Electri-
cal Machines, 2020, 48(11): 56-58, 61.

AL S WA S /A 9 0 R ol = s T
Z ] A AL T 6E, 2016, 6(4): 50.

MA Qiang. Liaohe oilfield company successfully devel-
oped China’s first high temperature submersible elec-
tric pump [J]. Energy Conservation in Petroleum &.
Petrochemical Industry, 2016, 6(4): 50.

XIRR, EFEJ6, B, %107 ROV &R/ BE
AL (0], AR T2, 2003, 25(1): 71-73.
LIU Changsong, CAO Yanguang, ZHANG Wen-
chang, et al. 107 series high-temperature small diame-
ter submersible motor [J]. Oil Drilling &. Production
Technology, 2003, 25(1): 71-73.

GERADA D, MEBARKI A, BROWN N L, et al.
High-speed electrical machines: technologies, trends,
and developments [J]. IEEE Transactions on Industri-
al Electronics, 2014, 61(6): 2946-2959.

HONG D K, JOO D, WOO B C, et al. Investigations
on a super high speed motor-generator for microturbine
applications using amorphous core [J]. IEEE Transac-
tions on Magnetics, 2013, 49(7): 4072-4075.

L, BRFIAR. R TE Rl s DL P AT S RE 2 BB
WA [T, mALS fHI N . 2006, 33(1) .
7-10.

SHEN Jianxin. CHEN Ligen. Analytical calculation of
airgap field in 2-pole permanent magnet brushless mo-

tor with parallel-magnetisation [J]. Electric Machines

http: // zkxb

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

. Xjtu. edu. cn

&. Control Application, 2006, 33(1): 7-10.

RS, T, IR, 4. 120 000 r/min R H
HLEE WG F 4% oA [C/ /v BT R 88 =& b A 2 M
585 DU 1 Ji R B U 2 R AR U S R B A S R
4809 S5 IR AT FEMEAR SCE R, dbat: o E
K =LMAFEM . 2019: 67-72.

MUNTEANU G, BINDER A, SCHNEIDER T. Loss
measurement of a 40 kW high-speed bearingless PM
synchronous motor [C]//2011 IEEE Energy Conver-
sion Congress and Exposition. Piscataway, NJ, USA:
IEEE, 2011. 722-929.

2SR, ERGH, KB, 5. BRIl T =
SBEAMFEH 5L [J). P EBH TR, 2010, 30
(27): 14-19.

XING Jungiang, WANG Fengxiang, ZHANG Dian-
hai, et al. Research on rotor air friction loss of high-
speed permanent magnet machines [J]. Proceedings of
the CSEE, 2010, 30(27): 14-19.

HEF, A HE. B RIAE, S5, 301k ST R0 3% R il B
FHLJE #% Bm  r HL S R g S g 5T [0, v R AL
TR, 2012, 32(27): 79-86.

TIAN Ye, SUN Yanhua, YANG Lihua, et al. Exper-
imental studies on support systems of high speed mo-
tors with flexible squirrel-cage support and squeeze
film dampers [J]. Proceedings of the CSEE, 2012, 32
(27) . 79-86.

MALEC D, ROGER D, DUCHESNE S. An electrical
machine made with inorganic rigid coils: a break-
through toward high temperature motors designed for
aeronautics [ C]//2018 IEEE Electrical Insulation Con-
ference (EIC). Piscataway, NJ, USA: IEEE, 2018.
1-4.

UZHEGOV N. Design and material selection of high-
speed rotating electrical machines [D]. Lappeenranta,
Finland:
2016.
TiE. Wk B LA 3 I 28 3 28 2 v K R TR 2B
BMLFSE [D]. MR : WJRIE Talk K%, 2019.
ZHENG Liping. Super high-speed miniaturized perma-

Lappeenranta University of Technology,

nent magnet synchronous motor [D]. Orlando, FL,
USA: University of Central Florida, 2005.

CHU Shuaijun, LIANG Deliang, JIA Shaofeng., et al.
Analysis of low harmonic windings for high-speed per-
manent magnet machines [C]//8th Renewable Power
Generation Conference (RPG 2019). Piscataway, NJ,
USA: IEEE, 2019 1-5.

KOMEZA K, LEFIK M, ROGER D, et al. High

temperature permanent magnet synchronous machine




N %56 %

analysis of thermal field [J]. Open Physics, 2019, 17
(1): 631-642.

TANAKA I, YASHIKI H. Magnetic and mechanical
properties of newly developed high-strength nonorient-
ed electrical steel [J]. IEEE Transactions on Magnet-
ics, 2010, 46(2): 290-293.

CHAI Feng, LI Yi, LIANG Peixin, et al. Calculation
of the maximum mechanical stress on the rotor of inte-
rior permanent-magnet synchronous motors [J]. IEEE
Transactions on Industrial Electronics, 2016, 63(6):
3420-3432.

KIM S I, KIM Y K, LEE G H, et al. A novel rotor
configuration and experimental verification of interior
PM synchronous motor for high-speed applications
[J]. IEEE Transactions on Magneticss 2012, 48(2);
843-846.

LEFIK M, KOMEZA K, JUSZCZAK E N, et al. High
temperature machines: topologies and preliminary de-
sign [J]. Open Physics, 2019, 17(1): 657-669.
DONG Jianning, HUANG Yunkai, JIN Long, et al.
Comparative study of surface-mounted and interior
permanent-magnet motors for high-speed applications
[J]. IEEE Transactions on Applied Superconductivi-
ty, 2016, 26(4) . 1-4,

SRR, AE L AOCl], S E UK B R
BEMHT S8 [T]. AL S H =40, 2017, 21(12) .
43-50.

ZHANG Chao, ZHU Jianguo, TONG Wenming, et
al. Strength analysis and design of high speed interior
permanent magnet rotor [J]. Electric Machines and
Control, 2017, 21(12): 43-50.

HIPPNER M, HARLEY R G. Looking for an optimal
rotor for high speed permanent magnet synchronous
machine [C]//Conference Record of the 1992 IEEE In-
dustry Applications Society Annual Meeting. Piscat-
away, NJ, USA: IEEE, 1992.: 265-270.
KOLONDZOVSKI Z, BELAHCEN A, ARKKIO A.
Comparative thermal analysis of different rotor types
for a high-speed permanent-magnet electrical machine
[J]. IET Electric Power Applications, 2009, 3 (4):
279-288.

WANG Jiabin, ATALLAH K, CHIN R, et al. Rotor
eddy-current loss in permanent-magnet brushless AC
machines [J]. IEEE Transactions on Magnetics.,
2010, 46(7): 2701-2707.

JAl R e K T TG R i PR AL A T i U A R Y AT Y
[D]. #LIH: WL K2, 2008,

[46] POLINDER H, HOEIJMAKERS M ]. Effect of a

http: // zkxb. xjtu. edu. cn

shielding cylinder an the rotor losses in a rectifier-load-
ed PM machine [C]//Conference Record of the 2000
IEEE Industry Applications Conference. Piscataway,
NJ, USA: IEEE, 2000: 163-170.

VAN DER VEEN J L F, OFFRINGA L J J, VAN-
DENPUT A J A. Minimising rotor losses in high-
speed high-power permanent magnet synchronous gen-
erators with rectifier load [J]. IEE Proceedings Elec-
tric Power Applications, 1997, 144(5): 331-337.
ZHOU F, SHEN J, FEI W, et al. Study of retaining
sleeve and conductive shield and their influence on ro-
tor loss in high-speed PM BLDC motors [J]. IEEE
Transactions on Magnetics, 2006, 42(10): 3398-3400.
SHEN Jianxin, QIN Xuefei, WANG Yunchong, et al.
High-speed permanent magnet electrical machines-ap-
plications, key issues and challenges [J]. CES Trans-
actions on Electrical Machines and Systems, 2018, 2
(1): 23-33.

BORISAVLJEVIC A, POLINDER H, FERREIRA ]
A. On the speed limits of permanent-magnet machines
[J]. 1EEE Transactions on Industrial Electronics,
2010, 57(1): 220-227.

YON J M, MELLOR P H, WROBEL R, et al. A
semi-permeable containment sleeve for high speed PM
machines [C]//5th IET International Conference on
Power Electronicss Machines and Drives ( PEMD
2010). Piscataway, NJ, USA: IEEE, 2010: 1-6.

AL ZAHAWIB A T, JAMES B P, STARR F. High
speed turboalternator for domestic combined heat and
power unit [C]//1997 Eighth International Conference
on Electrical Machines and Drives. Piscataway, NJ,
USA: IEEE, 1997. 215-218.

B, FEXH, BRotss, . MR 4ESPFL R M AR
KA T 08 AT (1], Wi el (L2
R, 2013, 47(12) : 2101-2110.

WANG Baojun, BI Liuxin, CHEN Liangliang., et al.
Strength analysis of a surface mounted high speed per-
manent magnetic machine rotor with carbon fiber band-
age [J]. Journal of Zhejiang University (Engineering
Science) , 2013, 47(12): 2101-2110.

SRR, HOGHE, EXRE, F. R BUK#E R T A
) PR 4P 15 4 B 5 B2 23 b (0. P A AL AR o i,
2013, 33(S1): 195-202.

ZHANG Fengge, DU Guanghui, WANG Tianyu, et
al. Rotor strength analysis of high-speed permanent
magnet under different protection measures [J]. Pro-

ceedings of the CSEE, 2013, 33(S1): 195-202.

[55] WANG Tianyus MA Zhenjie, CHEN Zhang, et al.




i 10 1 P15

e

S8 R R T K P AL G R R ST £ 0 47

[56]

[57]

[61]

[62]

[63]

[64]

[65]

The research on mechanical properties of direct drive
high-speed permanent-magnet machine for compression
[C]//2015 18th International Conference on Electrical
Machines and Systems (ICEMS).
USA: IEEE, 2015: 940-943.

DU Guanghui, ZHANG Fengge, WANG Tianyu, et

Piscataway, NJ.

al. Rotor retaining sleeve design of 1.12 MW high-
speed PM machine for shipboard power [C]//2014
IEEE Conference and Expo Transportation Electrifica-
tion Asia-Pacific (ITEC Asia-Pacific).
NJ, USA: IEEE, 2014. 1-7.

ZHANG Fengge, HAO Ye, LIU Guangwei, et al.

Piscataway,

Design and analysis of 100 kW high speed permanent
magnet synchronous motor [C]//2016 IEEE Trans-
portation Electrification Conference and Expo, Asia-
Pacific (ITEC Asia-Pacific). Piscataway, NJ, USA:
1IEEE, 2016 843-847.

FANG Haiyang, QU Ronghai, LI Jian, et al. Rotor
design for a high-speed high-power permanent-magnet
synchronous machine [C]//2015 IEEE Energy Con-
version Congress and Exposition ( ECCE). Piscat-
away, NJ, USA: IEEE, 2015.: 4405-4412.

SR, AR S S K G AL B R ST [D].
TRBH . PRBE ALK, 2017,

SCHWAGER L, TUYSUZ A, ZWYSSIG C. et al.
Modeling and comparison of machine and converter
losses for PWM and PAM in high-speed drives [J].
IEEE Transactions on Industry Applications, 2014, 50
(2): 995-1006.

HONG D K, WOO B C, JEONG Y H, et al. Devel-
opment of an ultra high speed permanent magnet syn-
chronous motor [ J]. International Journal of Precision
Engineering and Manufacturing, 2013, 14 (3). 493-
499.

LI Weili, ZHANG Xiaochen, CHENG Shukang, et
al. Thermal optimization for a HSPMG used for dis-
tributed generation systems [J]. IEEE Transactions
on Industrial Electronics, 2013, 60(2): 474-482.
TAKAHASHI N, MORISHITA M, MIYAGI D, et
al. Examination of magnetic properties of magnetic
materials at high temperature using a ring specimen
[J]. IEEE Transactions on Magnetics. 2010, 46(2):
548-551.

ABABSA M L, NINET O, VELU G, et al. High-
temperature magnetic characterization using an adapted
Epstein frame [J]. IEEE Transactions on Magnetics,
2018, 54(6): 1-6.

CHU Shuaijun, LIANG Deliang, JIA Shaofeng, et al.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

http: // zkxb. xjtu. edu. cn

Research and analysis on design characteristics of high
temperature and highfspeed permanent magnet motor
[C]//2020 International Conference on Electrical Ma-
chines (ICEM). Piscataway, NJ, USA: IEEE, 2020:
2452-2456.

FEE, . KRR HBYE TAa% (] M
FEHLHL, 1974(3) : 41-44.

LI Baoku, LI Wenkui. Discussion on stator insulation
of high temperature stepper motor [J]. Small & Spe-
cial Electrical Machines, 1974(3): 41-44.

Mo, REREE, 8, . TEIREEA L [T].
RERRERE 2, 2013, 32(10): 2051-2056

DU Bin, ZHANG Mingxia, LI Ling, et al. Introduc-
tion of super heat resistant ceramic insulated magnet
wire [J]. Bulletin of the Chinese Ceramic Society,
2013, 32(10): 2051-2056.

JUMONIJI S, SENOO J. UEDA K. et al. Super heat
resistant ceramic insulated wire [C]//Proceedings of
Electrical Electronics Insulation Conference and Elec-
trical Manufacturing & Coil Winding Conference. Pis-
cataway, NJ, USA. IEEE, 1995: 557-563.
I0SIF V, ROGER D, DUCHESNE S, et al. Assess-
ment and improvements of inorganic insulation for high
temperature low voltage motors [J]. IEEE Transac-
tions on Dielectrics and Electrical Insulation, 2016, 23
(5): 2534-2542.

I0SIF V, ROGER D, DUCHESNE S, et al. An insu-
lation solution for coils of high temperature motors
(500 °C) [C]//2016 IEEE International Conference on
Dielectrics (ICD). Piscataway, NJ, USA: IEEE, 2016
297-300.

LEFIK M, KOMEZA K, JUSZCZAK E N, et al.
Comparison of the reluctance and permanent magnet
synchronous machine operating at high temperatures
[C]//2018 IEEE Transportation Electrification Con-
ference and Expo (ITEC). Piscataway, NJ, USA:
IEEE, 2018: 418-423.

COZONAC D, BABICZ S, AIT-AMAR-DJENNAD
S, et al. Study on ceramic insulation wires for motor
windings at high-temperature [C]//2014 IEEE Con-
ference on Electrical Insulation and Dielectric Phenom-
ena (CEIDP). Piscataway, NJ, USA:. IEEE, 2014.
172-175.

. REG, A, SR AR R )] &8
ikt EL, 2005, 12(1): 35-41.

DONG Zhe, CHEN Guojun, PENG Weifeng. Soft mag-
netic materials for high temperature applications [J].

Metallic Functional Materials, 2005, 12(1): 35-41.




18 [ PN % 56 %

(74 Hrol R WL {1 & PR R I 0 i TR [EB/ 2603-2607.

OL].[2022-03-01]. https://www. skif. com/binaries/ [84] BraA, Biwt, WEE, 25 A 9 X 50048 25 i ok ok
pub20/Images/0901d196806e4457-1706-0033-ZH- AR S ST (T, BRRTE Tolk K224 . 2003, 35
17000-w_tem_20-299720. png. (5): 549-552.

(751 2600, 2, W WA, 4%, FumE T B K R CHEN Xiyou, YAN Bin, XU Dianguo, et al. Princi-
[F] £ LA i pr S [T, dbstiias i Kk K224, ple and practice of adjustable inverter output filter [J].
2013, 39(6): 771-775. Journal of Harbin Institute of Technology, 2003, 35
LI Yanming. GUO Hong, XIE Qingming, et al. Un- (5): 549-552.
balanced magnetic pull due to the magnetizing in super [85] PAN Di, ZHANG Di, HE Jiangbiao, et al. Control of
high speed permanent magnet synchronous machine [J]. MW-scale high-frequency “SiC-+ Si” multilevel ANPC
Journal of Beijing University of Aeronautics and Astro- inverter in pump-back test for aircraft hybrid-electric
nautics. 2013, 39(6): 771-775. propulsion applications [J]. IEEE Journal of Emerging

[76] FIE. oMW T o 23t M. dbat. HEe and Selected Topics in Power Electronics, 2021, 9(1):
K22 AL, 2015, 1002-1012.

(770 XSWERE. U2 K ShHLER M % T 3 g 8 1 K i ik 3l oF i [86] RUFFO R, GUGLIELMI P, ARMANDO E. Inverter
HIRWFSY (D], FE AL M RALZS LR K2, 2006, side RL filter precise design for motor overvoltage mit-

[78] KOLONDZOVSKI Z, SALLINEN P, ARKKIO A. igation in SiC-based drives [J]. IEEE Transactions on
Thermal analysis of a high-speed PM machine using Industrial Electronics, 2020, 67(2) . 863-873.
numerical and thermal-network method [ C]//The XIX [87] MAYERGOYZ I D. Mathematical models of hystere-
International Conference on Electrical Machines (ICEM sis and their applications [M]. Amsterdam, Holland:
2010). Piscataway, NJ, USA: IEEE, 2010. 1-6. Elsevier Academic Press. 2003.

[79] ZHANG Xiaochen, LI Weili, CHENG Shukang. et [88] LU Haiyan, ZHU Jianguo, HUI S Y R. Measurement
al. Thermal analysis of high speed PM generator used and modeling of thermal effects on magnetic hysteresis
for distributed generation system [C]//2010 Interna- of soft ferrites [J]. IEEE Transactions on Magnetics.,
tional Conference on Power System Technology. Pisca- 2007, 43(11): 3952-3960.
taway, NJ, USA: IEEEE, 2010 1-7. (897 Z=#t7E. VIR JCR B fe MLIR E R B 3 i 52 [D].

(8071 72 1a. 7K i [F) 20 v BIL 0 6 K2 $4F M 1 AT 5% M RIE : W R Lol K%, 2011,

[D]. MR M/RE T K%, 2011 [90] B=%., BRM, kM. BF L& RBT I REAR

[81] GROBLER A J, HOLM S R, VAN SCHOOR G. A K (1], BN EnT, 2006, 1(1). 40-42, 47.
two-dimensional analytic thermal model for a high- EN Yunfei, LUO Hongwei, LAI Ping. Development
speed PMSM magnet [J]. IEEE Transactions on In- of electron component failure analysis [J]. Journal of
dustrial Electronics, 2015, 62(11): 6756-6764. International Metal Working, 2006, 1(1). 40-42, 47.

[82] ABE . Adss. —FhH T BUKRE AL A R H I E CO1] HBOGME. 5 I ¥ 358 0 Ml B IAC B ML AR 4 A b % 4 1l &R ¢
AT 45H . CN201811271259. 4 [P]. 2019-01-25. WE5E [D]. WR/REE : IR Tk k2%, 2019.

[83] CHEN Baiyu. LI Jun, LIU Bin, et al. Current and ef- [92] FHFM. WIRFE T AMBIW REMIT (D], ¥

ficiency optimization for LCL type inverter with model
predictive control [C]//2017 Chinese Automation Con-

gress (CAC). Piscataway, NJ, USA: IEEE, 2017:

http: // zkxb. xjtu. edu. cn

IR IR Tk K24, 2015.

(i M TIA)




