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Electrical and Mechanical Compatible Design of
15-kW, 150,000-r/min Ultra-High-Speed PM Motor
Kohei Fujita*, Toshihiko Noguchi (Shizuoka University)

This paper describes an electrical and mechanical compatible design of an ultra-high-speed permanent magnet (PM) motor of which rated
output power is 15 kW and rated speed is 150,000 r/min. In the paper, two candidates of the rotor structure have been investigated from the
viewpoint of electrical and mechanical compatibility, i.e., a cylindrical hollow PM (standard SPM) rotor and a solid PM rotor with a titanium
alloy sleeve. Both of the motors can achieve high efficiency over 96 % and high power density over 55 W/cm3, but the latter has a
remarkable anti-demagnetization characteristic less than 1 %. On the other hand, in order to investigate dependency of the shaft material

onto the electromagnetic characteristics, three kinds of materials are employed for the shafts and are examined through 3-D electromagnetic

analysis. As a result, stainless steel is the best choice for the shaft material and can satisfy the electrical and mechanical compatibility with

high torque generation, high efficiency, high power density, high anti-demagnetization characteristic, and so forth.
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Table 1. Design specifications of 15-kW, 150,000-r/min PM motor.

Rated output power Over 15 kW
Rated speed 150,000 r/min
Rated torque Over | Nm

Rated efficiency Over 95 %
Maximum power density Over 50 W/cm?
Demagnetization rate Within 1 %
DC bus voltage Lower than 250 V
Rated current 77 A (over load 150%)
Maximum current 115 A
Rotor diameter Smaller than 43.3 mm

2 a8 mE T — ¥ OIARFAREE
Table 2. Fundamental design outline of ultra-high-speed PM motor.

Surface  permanent  magnet

Motor type synchronous motor (SPMSM)
Number of phases 3 phases
Number of poles 2 poles

Stator configuration Concentrated winding structure
N43TS Nd-Fe-B

(Br =134 T, Hey = 963 kA/m,
BH o = 350 kJ/m?)

20HX1300
Electromagnetic steel plates (0.2 mm thick, 0.54 pQm,
Buax=15T)

Permanent magnet
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Fig. 1. Cross section of hollow PM motor.
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Fig. 2. B-H characteristic and operating point of permanent magnet.
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Fig. 3. Cross section of solid PM motor.
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Fig. 4. Cross section of solid permanent magnet rotor.
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Table 3. Design parameters and major specifications of motor models.

Motor model # 1 (hollow PM) # 2 (solid PM)

Rotor outer diameter 37.2 mm 39.0 mm
L 8.1 mm 14 mm
Iy 10.7 mm 5.55 mm
Permeance coeftficient 1.1 33
Number of winding turns 22 22
Winding space factor 50.8 % 50.8 %
478 A 478 A

Current density

(rated operation) (rated operation)

. Glass fiber Titanium alloy
Protection sleeve
(0 Qm) (2.3 pQm)
Stator winding resistance 5.5 mQ 5.3 mQ
Stator winding inductance 37 uH 38 uH
Efficiency at rated 97.4 % 96.9 %
operating point
Maximum power density 57.9 W/em? 60.4 W/cm?
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Fig. 5. Comparison of demagnetization characteristics.
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Fig. 6. Flux density distribution of permanent magnets on demagnetized
situation.

PR EREE LW, ERERRE T — X RN R K
ERBZEHLEHETHD,

ZDE S RBERERNS, AR TIXBRAFRE, HE, RRZIHE
EESIZ DV COMTRE R 2 el 2, WRrE IOV T
%, BEAAIRE 200 CT—d #ic KBRS N & X %248
EL, BREHTE O 20 CEAMPBEELZ BT 5, HEL
PHBRIZBE LTI, E—XDRENTS COLEEBET D,
£72, HHEEHTOE—Z DR KRNEERELIFITTAT



wREN5,
W+ W, =W, @

ZIZT, W IEEE T CRAT HEHE, W, [ XEEE T TR
THEE, WATEE FEROMIBECH L, 2oLV ek
EHHREDHRINZIT 111278 L X RRIENEOND Z
EWDN D, AENEZ DL HD E MEATHRE R & LT
T %,

BGHEED SR B A X 5 1R T, 2 E7 /L ORRENT
B ORARERBEEN 2K 6 177, ® 5 o hZERA TR
T HH#] OWREE 117 %L LT, PEBAT—Z#2
DWREZR 0.2 %1% 1/100 LN TH D, FEBEIZ, K6 22HH#1 D
T A P Sy A VI TR O AR 43 3 L < Jksg L T2

DI LT, #2133 L TV AEFRARLAR Y, EoT
WA 2R D R ETRIRIC T D 2 &I kY, Bl
OKIG7RE ENFEETH D Z & 2Md Lz,

TERERRRF OB AR O L BIRONREK 7, #2 O
TENRGERR R OBRB IR R A X 8, REEE ICRAT MBI
HOWNRERK 9IZRT, K7 LD, #1042 L4
KPP ENZ ERDND, ZHiT#H2 OFBORKE SITER
LTRY, ZORTHREFIHFEHINTWELIT X 654
DOMERBBEERFNTH 5,

X8 XV HEMAEEEE—Z#2 2BV, REED
MEFRBIT 2D 28.7% (117.8W) 5D TEY, #48
EMOERNTH L Z ENbD, Thud#2 OSEORE X
WWERLTEY, ZORTHREFICHEHASINA TN TFZ
AEOMBRBEN EERIFTR T D, Z ORHEEMBEIE O
FIRE LT, TR ET — AL 2m y NHOENIZE
FBNR—I T UAEBICERT A AR Yy b Tk B%E
MERERE 2 b b,

B 9 7 HEEABIIZ X D IMERBORIEI/NS L, Bk
FREHRNC K DIETLED 59 %% HO TRV X Ths =
EBRDLDD, RBEEE—X iﬁ%ﬁ17¥¥97%ﬁ%
ANWTWEDT, N—3I 7 AT LD EEN/NE WK
ﬁ,%%%wﬁMMﬁw%éﬁ_ﬁxb%ﬁwoqu
B I STV B F X AT B BYRE RN
SVDT, A DB BT 5 AR HR N E B2 6
N5, £, #1 OFF0#2 L0 SEN/NE 8638 L EE
R LISV 2, B X 0 e EERRE B2 R Eh
FOIEECEIR CE 5 LB 2D,

5. HEHEEME—SFDI v I MHDORE

B PEMARE—FIOIY I MHHEERMEMEE
()E5HED
K10y v 7 FHEICE
FEEATZE—Z TIL, Y7 FOMENRE—FX DEXWN
BRI RE < HET 5, K10 D@ LI v 7 ME
DBER DA OB & g U TR E UL, BRIIRs
SIEPLO/N SNy 7 MEBBRBLE D LT 57280, BAIC
AR T D EE TR T 5, £, ¥ 7 MEE U TH

% FER TSR & AT R 2 7R T,

[F-7] Eddy-current loss (Protection sleeve)
BR&KI Eddy-current loss (Shaft)
Eddy-current loss (PM)

Stator iron loss

I Copper loss
500+

400} SSSSSSSSSSSSSS |

300+

Loss (W)

#1 #2

Motor models

7 ERESRFOR AR O g L AR

Fig. 7. Comparison of total losses at rated operation and loss analysis results.
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Fig. 8. Analysis result of iron losses of # 2 motor at rated operation.
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Fig. 9. Detail of eddy-current losses in protection sleeve.
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Table 4. Electrical characteristics depending on shaft materials.

Motor models | Shaft materials Igigefg?ffé ¢ Demagrrellcti;ization Average torque Total loss Eddy—((éllllr:;tr)lt loss Efficiency
S45C 1846.2 0.53 % 1.10 Nm 790.3 W 12W 95.62 %
b SUS304 2.1 0.16 % 1.48 Nm 816.3 W 22W 96.60 %
c Titanium alloy 1.0 1.42 % 1.49 Nm 815.5W 4.6 W 96.64 %
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