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Design of High-Speed Permanent-Magnet Synchronous Generator and Implementation

of Sensorless Controller using Digital Signal Processor

Daesuk Joo

Department of Electrical Engineering, The Graduate School,
Pukyong National University

Abstract

Portable equipment as- well as_propulsion_of small airplanes (UAV) and robots
have enhanced the need for portable power supplies of ' large energy density
(kWh/kg). This has resulted in a growing' interest in micro-gasturbines as they
should be capable of delivering 20 times more energy than batteries for the same
weight. The need for high performance and the specific problems are at the origin
of a worldwide increase of research on micro-gasturbines and .the motivation for the
present paper.

In micro-gasturbines, . ‘high-speed and compact motors.-and generators are highly
required. These electrical machines. can ~be  directly connected to high-speed gas
turbines without mechanicalgears. The. machines have to operate at the same
high-speed as turbines.

This paper study on new electrical machine capable of operating at the very high
rotational speed and the related power control for micro-gasturbine. The
permanent-magnet synchronous machine can be used as high-speed electrical
generator. A 400,000 rpm, 800 W electrical generator is developed. First of all,
rotor dynamics analysis was performed to design a new rotor for ultra high
rotational speed. A two-pole rotor consists of a cylindrical samarium-cobalt
permanent-magnet encased in an Inconel-817 sleeve. The permanent-magnet diameter
of 6.4mm and the retaining sleeve thickness of 0.8mm are selected from a

considered critical speed. In the next, a new material, amorphous alloy, was

Vi



imposed on stator core due to minimize the iron losses. Three-phase six-slot stator
has been selected to reduce the electric frequency. The diameter of the stator is
44mm with a length of 15mm. Numerical models were developed to analyze the
performance of the machine. These numerical models were verified with
experimental results.

The generator can be used as a startup motor because it is connected to the
compressor and the turbine. So that the motor drive requires digital signal processor
for the implementation of rotor position sensorless control strategy. This paper
describes a sensorless controller that will operate at speeds up to 200,000 rpm for
the startup motor.

The two ceramic ball bearings sustained the rotor for initial development. The
back-to-back tests are performed. The ceramic ball-bearing has been tested in
electrical machine, and“stably operated at 100,000rpm. The air. foil bearing test will
be continued until-400,000rpm is achieved.
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Al 27 FTAY FIITAT] A

FEAFNE At BEESRT fAU o] wop u& AA/NNe
etk A N0 BE W] B 471776 wslA kel u

Aol ATk AT ATAN el maAA FE FFo] AA
e oz 477t Basrh el B85 GEol Fa gtk Avst 24

EA7F AM 71719 B AlEe e mzHh

H 1033 g FopollA n&ow 3|det= d7]7]7]o thgk #
Aol F7Hdlth d & 59 X 34E =d"H(dental drills), |58 F=
(medical surgery tools), &7]%=7](compressors), B H 3+
chargers), %% 7](blowers), B X &2 %133 Z(turbo-molecular vacuum
pumps), 2% HH FF7](compact electrical power supplies), W}o] 2=

7F2~E ¥ ¥k 7] (micro co-generation gas turbine), @& 719 H7|A%%

X -"kd 7] A 2~®l(aircraft electrical starter-generator systems), Z&}o]3
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140,000 [rpm] 2=9IA = ZFHE 2~ 7] 7] (switched reluctance machine) 7}
s ARAA Y F7] 478w AFH A [37], [38]. 10 [kW],
75,000 [rpm] % 7](induction machine)= A5} ElH A HZEOZ
AFE At [39].

Edtol & (flywheel) olH A A G| o= & 3|14 7]7|7F A& = 2
o ZIAARN o2 28 [kW], 50,000 [rmpm] = W3 AE5H
(axial-flux machine)”7} Zgfo| D& o2 AT =A™ [40], HAtell A 32
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1y

N

17

_—

(permanent-magnet “motor/generator)= 733} o [41].

Astel AFsE 0S5 T Al VW Rv|Eew JA
A E7171ek 2 AE FYd A 71717 AgEa o A S717)
= ®2ed 2YREEYF 22 ARl da, 29AE dY"HA Y= TS
g SHAoA ZAA, EHom Ak FHe] A FEd AE 377
+ 250~300 [kW]e] Z=%¥ 5000~30,000 [rpmle] 3| HEHEEE 7HXIth
[42]~[44].

Wk Alzdo= dA 4E7]82=2 50,000~100,000 [rpm] =71
of gk A~ [45], [46], $%5, 4571822 15 [kW], 120,000 [rpm] ¥
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7171 [48]el gk A57F 2P = A Th

B2} 3 Z (molecular pump)& 2.2 500 [W], 31,800 [rpm] f%=7]o] o
koA [49]9F 150 [W], 75,000 [rpm] B H -2 H=Z & FXE7]o ot
7%= vk [50].
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plications) = 5 [kW], 150,000 [rpm] &= 57171 [53], 75 [kW],
30,000 [rpm] %=7] [54)[55], vko]l=Z= ™ Al'd(micro machining)§ 2 =
100 [W1, 750,000 frpm] 2=9IA1= B2 717]o] gk A=l vt
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(13)
2 Y
= Z(npk,, =B, A, =05k, D Ln B, A
2 o p 11T mgT T m
A7 Le 1AA AF ZeliB pamwF AL U=s Uehdth
dE7 29749 #AE e 2o
1

‘Pout er] ml V I nCOSQS pl'rnrr]COSQS (14)

7N M ne EE, cosp= AE, & AY Aees Jehig 9 g

o] Ao 2RE &9 A (output coefficient) S & A=



(15)

0.57°k, A, B, 11COS

Lins

2
1i

Poute
D

Ip

o
vzel

—

O

W
Ny

(16)

FKo A, B, Jcospoen B gAm
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o
HH
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S

Ao wa

E7F oA Htt.

el

A
ol

=

=

ST Arel @A, g HER

AR =] 60 [%]00 4]

X

oK
v
U
i
—_

NdFeB ¢
80 [%] Fol3 # glo] E(ferrites)e] &= A&

GRS
40 [%]°1 4 70 [%]

AL

)

j
a-

=i}
=

_z_o

kol weks et

0.3 [mm]ol Al 1 [mm] Z 9]

KN
T

(Li/ Dy,)

o

=

ol
M

+
3

JJ
I
T
4

nr
Mo

"o

FYE Al (cobalt alloys) A AZE AR

i
il
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A rzle] Fx 7]d8e Heldo] ¥ & (Faraday's law)o 2 3 4= 3]

d_dp A0

i a0 @ YW 17

¢=N¢=N/ﬂBd0><rLstk (18)
0

A7 Ne\BA | &g Ade Bdels A% Bo ASUE e
AR WAF L, B Dol dehinh weby fu /g e v
3 ol e 4l

e = NwrLy,[B(r)— B(0)] = N[B(r) — B(0)] L, (19)



sl AAe] #Zgsk= YA = (centrifugal force)e A< %= (linear velocity)

of Aol mi#star, 3] w4l whul | ghvh. wEke 3 Ak Aol 2

v=n(D,— 2g)nl [m/s] (20)

7|4 D= 1A WE AF, g &5 2o, n
Bttt o] &% A4LE0| 0585l LAzt o T Sl ]
(mechanical stresses)?] 7% HFE7F Ao HU & W HAErE= 3
Axpe] 2ok Aol o& A HTh

=o|. FAHEMH ojwl <EX(certain speed)olA FF HE&

4

dozit) o] HLrE 3&EH(whirling) £ 938 S %=(critical speed)zt
T2 3ldate] A5 A £59 3¢ &9 (bursting stress)oll we}
Age oL, sldzre] 5 Aeoli= 3 Ak A =(stiffness) ¢t 1@EHE=o] w
gt AgrEn. 9 97 &%= F35= ¥ W E(transverse vibration)©]
7= FarE AeA s 7 Ak

2w 2004 st 3 A”(m)el A= W, A
o3 2o [59].

()

T -
s

%ol 94

1y

n,=L £Ziwﬁ[rev/s] (21)
o 2r V' m 2 \ o



Ay

e,
==

4

&

b 4

I Y
[

M

o
n
o
[

7 = (stiffness, N/m), m< 3] dx} A& [kgl, g+

o7]1M, K= 3]Hd79]
A4 3l (static deflection)e YEIITH 9%

7142 (9.81m/s%), o=

%_
g fa4e A9 FEe Geu 2y,
2 o
mga*{L=a) (
_ 929)
7 3EIL

(modulus of elasticity, for steel

ﬂ.tlm

e FAdA EE w34
E=200x10°Pa), I+= WYl E(area moment of
SR T B = e e P o s B ) S B



I= (23)

o171 D= 33 959 Aot 3d Ao 9% 7= (angular

critical speed)+= (2, =2mn,,. ©]T}.

o 48EshIsh Ksh )
A7 Bt gol ALtEn
E I
Ksh ~3 “Zl;h (25)

Az A wdE [V} Foid u B, I, = 7% ZX(bending stiffness)
2 (%, bearing span)o] vt 31d A=F(E, I, L)

3 S4B, L, L)% THsd A7 3449 2 g g,

(26)

uu)
oX
e
rlo
o
i)
Ay

A Zo] ¥ 3] A(aminated stack)? (steel shaft)©]

20



A= dAAEY 1 [%]elA 20 [%] Folth AF5S AEsA €4
(clamp)Z 1A stH A Eo] =olxtt,

724 (damping) & FA et QA HES mP(o+e)ola, £ (restoring
force or deflection force)e Ko, 97|14 o &= ZH(HA H3), e &
73 77 (imbanlance distance or eccentricity), oc+ei= 3]H ¢ FA 3}
FA T4 Aottt ¥ W3 WA 2] (force balance equation)ol At

.

qol 4

ro

Ko =m®*(c+e) 27)

upeba %9 F(deflection of.shaft)S EF2-3 2t}

g = (28)

(2>0,) FAAE B T2 2ANA SAdT. ou Bl F4

Ae FAS TAHeRE bzt
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N
;Z\J-l
)
AB
ki
rlr
L
&
BN
Y
o
ofje
I
>
)
rlr
Y,
o
o
)
g
vl

N, n,
n, > 0.75——orn, <1.33—— (29)

R 3 1330, (30)

BAREl A7) <19 (radial magnetie pulDe& E¢d F-poll= A &
Ee ey 2u
K—K
= L : (31)
o Ui m

714 K= HAA7] 7 (electromagnetic field)ol| 18+ - A~z A

5

(negative spring coefficient)] T}.

glol A AN APEEE 27
A AAZANA B FAT R
Akstoler Gk HAA FAFANA Aoz iz gL AW AEY
T AEYS 49 F b} HBE Uge] golzrmm gt

(gyroscopic effect)E T4z a#sjoF gkrh [59].
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ITAY F7IEA7] HA

= A~
F il

7g+

3

l

A

ol
°

)
o
HH

4% (critical speeds)s £4&

toh aean 99

Aol 3

KeN
=

shear stress)

.

bl Wl Ax w

S

e A2A

4

= T AT e A&

ﬂo
1
M

g el v,

o Att= ZAol YA, e A

2~
&2

31 A <=(iron

)

= 2~
F =4

d

s

T (skin effect)e} <F

EE R

5|
pud

7} 3k}

=
[¢)

How

A
| T

713}k
(eddy current loss)®E A

AA7F

loss)

s,

o]
e

o}& 3 ~(amorphous) &2

s},

2 HA7AE AA
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3.1 ¥A7] AA A

AR E7AT) e Aol A W7 B ofdel 2ol

B
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ro
i

upola 2 BNl WA 7] Ajagle] AddbAl AA FHl= 19 33 Zuh
718H 02 QF=7](compressor), € 37| (recuperator), 144 (combus-

tion chamber), B ¥l (turbine), 18] 31 WA 7](electrical generator)® -4

zoz olold Utk HWE FHse 2 rer guly A
254 whs] sz Agarh uebd JTad sdas uwd)
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fite)
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E 1 2yl YRR Se 54
Ferrite Alnico SmCo NdFeB
Property Ceramic 8 Alloy Sm2Col7 Sintered
Br, [T] 0.4 1.25 10 to 1.1 | 1.25 to 1.35
He, [KA/m] 270 55 600 to 800 | 950 to 1040
(BH)max,
[/’ 25 to 32 < 44 190 to 240 | 290 to 400
Tc, [C] 460 890 800 330

AnHoz AHgHE GTANEY SHS E L6 etk Avhel &
-SME(SmCo) FTAM ] Ee mAHS A AL Exrt mobd ot

ol|mE B W& WAy 3] &zl A slEir)

G TAA E 7] 71l A S 2 (surfacestype)t A 3] A Afet A
9 & (interior-type) 4 TAHA-3F| A A7F G = AFEEY, aWFEE =)
A AR A oo B A8 B35 ¥H(external rotor retain-
ing sleeve, can)s Ab&aloF sttt AU G FAA FJAAE HAA7] A
BHI 7IAARD A A FoE 7%t HAAR A 1A
| Hovo] fle AYE I A= 6,000 [rpm] o] skoll A ARE

SAERE ERREE

kT

S AMEE7] & &A= B A (non ferro-
magnetic)©o] i1, =& &8 W3 H(permissible stresses)S 7FA| 1L, W7}

G, o ARESl Folok gtk EA HAA 1AL 24 Ay E

’



E 2 XX 1HE Hooe| EN
. non-magnetic non-metalic
Quantity
metal sleeve wound sleeve
titanium alloys, )
) carbon-graphite,
) stainless steels, ]
Material carbon fiber,
Inconel 718 .
. glass fiber
(NiCoCr based alloy)
Maximum
temperature, 290 180
[TC]
Maximum
surface linear 240 320
speed, [m/s]

L
I

3 P, out
0.757k,,n, B, A, ncos

0.85 <800 (32)
400000/60) < 1 < 85000 < 0.85 %< 0.95

- \/0.75 <7 0.95 % (
= 0.00872[m]

~ 9 [mm]
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2AA 4% AT 9 [mml7t HiL, 7)oM) F Lol s ww 3

A7 A gl k.

D=D,—2g=9—0.5>x2=8/mm] (33)

4
v =1 x0.008 X 00000:162[m/s] (34)

TR A~ Zol= FAA & X E o [5uE L=9X%1.5=13.5[mm]
7} 3, FARES (A= WMoy E e s AdA Ao Fe AL

W ey prh olw FEAde WEE 8400 [kg/m’], Fo WEE
8190 [kg/m’1=. 7143}l o).

m= p4D2L 8400 ©0.008% < 13.5 = 5.7[g] (35)

= g DL, — L)=819070.008” % (54—13.5) = 16.7[g (36)
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D*  0.008*
I= L =T =™ gy

=2.01x10 "°[m?] (37)

A4 Ao oa 2ok old A e #AdES 120 [GPal, =
o] &t E2 211 [GPal= 7HA 3T

1.2 10" x2.01 x 10 1© s 2.11 < 10" x2.01 <10~ 1

K=48 S .
0.0135 (0.054—0.0135) (38)

=501 < 10°[N/m]

ey R WA dEssE ey 2

= 1,429,505 [rpm] (39)

30 K _30\/ 501 10°
X 0.0057 +0.0167

1 =) i+ K3
3 A2 AL EE 400,000 [rpm] o= A HA AL TR e Ao

2 At AT o A n<1.33(n,/2p)=1.33(1,429,505/2)= 950,621 [rpm]

S

il
rEI
I
Ol

ok
et

fru
N
)
)
["O
o

ol AR Fxe] FAVL e Ao @

AA AE7] A A HAFAA dANAE dA e APEEE A5

= @AE AAFE & Aol

Za&How st A= =2 VAL SHo] EATT L



oA

aF 4 STFAY B MRS HHE

et AN olggma AA Ao At T2 57 ANA ¥
Ade Bt AL LpaT vhelaz Hug WAz Hag Px
a9 4% 20l A5 Yo ITANG ATAN TE GYnE 5ol
9t

W AR R SR BAE R AL 459 F04 2 S

2 (hoop stress) o, Thek 2t [60],[61].

12322]_ m—+2

2 2 40
= 5 R }[N/mm ] (40)

{3m 2 lR1+R2+
o714 s AY W% [kg/m’l, R, R, RE& WAE [mm], we 7147
4% [rad/s], [1/m]& *o}4 H](poisson’s ratio)E YEeEWT RS R; 3

RoAtole] Aololth, FX e AL AT Wl wbEEe] WA

Reol B3 2Ze W g5 A7 3 m=3<d o Hd AFSH
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(41)

ow?

[R2+7R2] < 10™ 2[N/mm?]

T8

Ut max

™

—
fite)

fvze)

™

B FAZE wig- gFobd Ry 3 R2 ) Zol7b 2Tk

o Z=
"‘l]: =

Ey_]__

ol

(42)

Oynp = 00> X107 °[N/mm?]

A4r

B4 Al <= (Young's modulus) E,

e=aAT7} ¥t}

S
T

2 (strain)

ﬂo
)

(43)

Fe =HoiX']

Ony =

_io

el

1o A

£ obF s
2

=13
=

o]

2
=

Joz ALY HE

A
o

?;51_

9
g B(g A

e g7l A4e

2=
=

7] $1A

A4 sl ok gt

Wr
M

R
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M= AFAM e 7| AHH

ol
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T o~ —~ o
< = o N e ©
o ~—
3|8l 3 o IS
P2 IS g8 2%
O m\mu © % % %
° + 7 C
|
T 4
o © © < o
SR T e S PN < < S
—
XL —
o
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— @ & =) 5
g = = b 2
= £ S offla 2
N & = i
.mo = S & = bt oh
[} j} o0 e
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B el g )
a a ko) Q S
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=
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o

WL 5] S
Fo] SSAIZ] 3L

S|
ax
S

(shrink fit)o& < 1A}

Bl o
= 4

of 47t

-

ATt = A

o~
T

sk
=

g

X
™

o] .

ojn
ol

B

3244 o]

u] 7H4 #(interference)oll whe}A]

;OE
el
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New. SFD : Shrink Fit Analyzer
Fie Took Help

Dimension [mm]
Ry 5

Ry 0

Ft3 o

interference(1] |0

Intererence[2] |

Fotating Speed

Speedpm) [0 || Celoviee

Physical Properties and Temperature condition
_Int. Objeet " Ext. Object Core
Densivfgin’] " fo 14 :
-~
Elastic r}n,;llfl'n Mim?) | o
Poission ratio P

‘= One-Fitting
 Two-Fitlings

/Theamal Expansion (1/)

,."f Comment

Temperature ['C]

AR AEsA A E8B9 FHRF] AL 1% Inconel A A

g AR, FTANE Smlop s AEHRIT AREHES E 30

440,000 [rpml], =

0
sk AT elne) UL WA AN WAWF ¢

e}
rfo
H
rr
%
=
S
iy
)
[z
Lo
4
)
i
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40
n

]
o
i
00
1
ol

« BEOO0G

339

1E0. 0 L, 263 3. 4%
0. 461 €69, 663 448, 864

a2 7.2x2 Efa 22 2

C] [}
628, 066

344

717

G670
&0

BUT 20

E o4 2uS HMEI - wEYY S

4% [mm] e g8 [MPal | 974 8 [MPal
0.006 -14.48 -13.71
0.012 -82.42 -79.34
0.018 -159.03 -175.96
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439

3

e

p=2
o

sAmte® a9 73 o] 2

SERE e

P
1, =

#glol G4

/2)1—

I

A el

Eds

=8
wrh we Asks) vpebi,

<
—_—
fite)

[e>
A

2 oA o

o =7

B

shel

g 4%

R el

204 w3

o

—
fite)
xr

—_
"o

el

o ZH %2 0012 [mm], E8B FA7}F

o] 8 [mm] ¢

=
=

17}2] 7]

3

o,

ol

0.8 [mm] 7} &

guel

6.4 [mmle]l 1, &

=z 0
=5y

8] A

o w93

ol

H A

T =
=

o]
=

7A17F 0.8 [mml

FehE e

34 AR AAAN LA

I

<]

X

)
Adr
™

N
ol
HH
ol

N
NJo

7
Ko

A4

X7

X

o)
;OL
N
Njo

W

ol

N

\

0, 5& Faigol

-
1

ol A wepHew AR

G

Y(electrical steel)s oF&EH 2~ 7FA4d 3= (amorphous fer—

romagnetic alloys)2. 2 thA]

i

Metglass ©}

2

o] 40 [%] sFEolvt [62].

5{“]_

7¥

M3 559 7]

-
1

FQ1HE], o

)

[W/kg] ©]
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il
M
I

al
Folu ¥ 7} (electrical discharge machining, EDM)S 3} o}
Feol ZAY o= Aol WA Huh At oo F e A
= Zroll A7|A o m weto] Hof opHFr EAlste] EHo] FUFgkTh
1980 Al Zo General Electric 14 &840 HHE AFgstF o} o
W e b HE7F vl =2fal Hl-&o] wWol A [64]. olE¥ &
g 2o A S 2] A & FAF Aol AR E AT [65],
= A w &F2oA AR Thset AR

>~

_—

AnkH oz Wol ARESI= 7 7] 7¥ 35PN380(FZ 0.35mm)T 153
F8& A7 20PNF1500(POSCO; o F71 02mm)3  ofE 3~ &+
(Metglas 2605SA1, 77 0.025mm)e} &S 19 87 o] HluwstH )
NtEE AHUETt ARFE A2Fe HAEo] FHSMA FrtsteEd of
B2~ Faol b Alge HEA HBEEH] 5T As & F Uk
SAIRE 19l 9 9 o] ofEH A o] Hu x3 AEKUEE 16

31, 20PNF1500 ¢ #Hdl 23} A&U = 19 [TIZ obEd 2~ §a9 23}

A& E7b vt
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At 1 kHz

2 i 35PN 380
== 20PN F1500
700.0
i 26055A 1
600.0 yd

Core Loss [wW/kg|
8
=
=)
S

=]
=)
o

200.0 _.ETEEM

= bt 1

0.0 | s i y
0 0.5 o 2 “2.5
! Indu [
- 2l 8. 1 [kHz] o '
,.(:” B-Hcurve
L}
S22
=
2 oo == 20PNF1500
'E 0.6 e 2E0REAL
03
o
0 10000 20000 30000 40000 S0000 60000

Magnetizing Force (A/m)

O 9 MEYH B-H E4 dHlu

o
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ofo

F3hrt obAw A5

A ollE A oF gttt w& FuFolA sEE Fol7] fsiA =
-¢}o] o] (Litz-wire) S AR5} T}
3.5 AR 71 EAHA

A712 Aol | Fof 182 HAY AF Hol& AAsty] A &

A7) A7rAJFL 110 [V], ¢§38 E (distortion factor)e 0.95 2 7F4 &}
o 2 AR R obe e 2

= 800

{ & = ~4.42[A] (44)
V3 Vicospr™ /3 X110 % 0.95

Ve 1

B V3e /3X0.85

=74.72[V] (45)

o
2
zl
)
kY
N
s
i
fr
B

WAL WE S T

e
ol
0
iy

V2B, \ax74m
= — . —0 (46)
An 2rf 27(400000/60) 0.002523 [V's/rad]

wy)

(il
ot
>,
N
=5
1)
Lo,
o,
2t
Y
by
i)
ol
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ol
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41
ofl
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by
rlo
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“[Wh)] (47)
A7IA, p= = &5, Ly, =9 Zol, D 59 AFolt. A%

(slot-pitch)e] H]ojt} Akl X Y] of &5 I X += 0.5t wehA
FFo| A #Eo] Fd v (sine wave) BEE ¥ Eo] Qi AW FF A

SRE 1 [TIY W, A%e] BFge obeeh 2ot

2
B==B :%BtZQXO.Bxl/w:0.318[T] (48)

ftlo
e
=
o
L
o
E
ofk
ol
K
o,
=
b
B
Y
ftlo
=
hines
ol
)
i

Apli=—L — Bx %: 0.0045 [Wh/m] (49)

A 0.002523

= = =0. 50
T NG <k, 00045005 0 o0
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Up Slot

1 2 3 4 5 [ 1 2 3 4 5 6

Lfzfsflefsleofifa]a]e]s]e

Down Slot

E E

:
X2 A1AZ2 X1

aE10. HI|AH HE 2

AE o] ALY Fd%F ZolE 15 mml=E 71t H & T oF 40

Ho] At uAA HZ= dolE 135 mmlE HHEHE 8 F£E ok 44 8o

[A/ mmZ]O]o} AHE&S 40 [%]
ol 2 Aget nAGA FxE AASAT ARFLETF gtola iAo
2 52 ARE F7] 98 2" 1034 2ol H

AvkA el A YHlek &% A9 H&(05)= A yUHE ZAAsU 1L
=-9}ololi= 0.1 [mm]x60 7}eh A|Fo 2 T A

=
o] ¢ 0471[Imm*17} At A7z AL HE AMo|nR 3 &R =

g 1

80|l Aol AdEtt 7| E2AAA MM AdteE dAAF Ao @A
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Isotropic Magnetic Steel Sheet /
Linear Material: Inconel alloy 718 ,ur = 1.0011

A4 9=
Electrical resistivity : 1.25e-6 [Q -m]
Linear Material : SmoCoz, 1 = 1.06, B,=1.099 [T]
Parallel Magnetization (Anisotropic)
BT A4

Hceb = 825 [KA/m]

Electric Resistivity =-8.6e-7 [Q -m]

Isotropic Magnetic Steel Sheet /
NonLinear Material(B-H): 26055A1 (Amorphous)

A717 24

Electricalsresistivity : 1.83e-6 [Q -m]

Lamination Factor : 96 [%]
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Z Al of=HA gFe J|A XM EAM(ron based METGLAS amorphous

alloy ribbones)

Quantity 2605CO 2605SA1
Saturation magnetic flux density, 1.59 annealed
1.8
[T] 1.57 cast
Specific core losses at
less than 0.28 about, 0.125
50 [Hz] and 1 [T], [W/kg]
7200 annealed
Specific density, [kg/m’] 7560
7190 (cast
Electric conductivity, [S/m] 0.813x106 0.769%x106
Hardness in
810 900
Vicker’s scale
Elastic modulus, [GN/m’] 100...110 100...110
Stacking factor less than 0.75 less than 0.79
Crystallization
430 507
temperature, [C]
Curie temperature, [C] 415 392
Maximum service
125 150
temperature, [C]
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ribbones)

A Z(iron based METGLAS amorphous alloy

Magnetic flux

Specific core losses, W/kg

density, [T] 2605CO 2605SA1

50 [Hz] 60 [Hz] 50 [Hz] 60 [Hz]

0.05 0.0024 0.003 0.0009 0.0012
0.10 0.0071 0.009 0.0027 0.0035
0.20 0.024 0.030 0.0063 0.008
0.40 0.063 0.080 0.016 0.02
0.60 0.125 0.16 0.032 0.04
0.80 0.196 0.25 0.063 0.08
1.00 0.274 0.35 0.125 0.15

114




FE B. A7 2 2d Y L29Y

% For Micro turbine generator
cle, clear
% Model Specifications
% - Permanent magnet sm2col7
u0 = 4*pi()*0.0000001; % Air permeability
um = 1.05; % Magnet permeability
Hc = 825000; % coercive force [A/m]
n_pole = 2; % number of poles
n_slot = 6; % number of slots
n_turns = 40; % turns per coil
Im = 0.0032; % Magnet-thickness 3.2 mm
s radius = 0.0045; % Stator inner radius 4.5 mm
r radius = 0.0032; % Rotor radius 3.2 mm
air gap = 0.0013.; % 1.3 mm
stack = 0.015; % 15 mm
th m = 2*pi / n pole;
Am = stack * r radius * th m;
Rm =Im / (u0 * um * Am);
Ag = stack * s radius * th m;
Rg = air gap / (u0*Ag);
Br = u0 * um, * Hc;
phi r = Br * Am;
phi = phi r * (2*Rm) /(2*¥Rm + 2*Rg);
ml = 360; % half electrical angle matrixsize
% ===== Sine function
y = zeros(1,ml);
for i = 1:ml
y(i)=sin(pi*((i-1)/ml));
end
% constant air-gap
Flux dist = zeros(l,ml); % magnetic flux distribution
Flux dist(1:ml) = phi;
Flux dist = Flux_dist .* y;
Flux dens = Flux dist ./ (2*pi*r radius*stack / (n_pole)); % magnetic flux density
Flux_dist = [Flux_dist -Flux_dist];
Flux dens = [Flux dens -Flux_dens];
% turns function
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Turns_func = zeros(1,ml); % Turns function
Turns_func(l:ml) = n_turns;

Turns_func = [Turns func -Turns_func];

ml = ml*2;

%
Flux link = zeros(1,ml);
for i = 1:'ml

Flux Linkage

Flux_link(i) = sum(Turns func .* Flux_ dist)/ml * (n_pole);

Flux_dist = circshift(Flux_dist, [0 1]);
end

%

speed = 100000; % 1000 rpm

wm = speed * pi / 30;

we = wm * (n_pole/2);

dt = (1/(speed/60)) /“(n_pole/2) / ml;

dFlux = zeros(l,ml);
for i = 1:ml-1
dFlux(i) = Flux link(i+1) - Flux link(i);
end
dFlux(ml) = Flux link(1) - Flux link(ml);

BackEMF = dFlux ./ dt /2;

% RMS

Vrms = sqrt(sum(BackEMF:/2) / ml)

P= kh*B"2*f + kc*(B*F)"2

% SaveBackEMF = BackEME2',

% save('BackEMF.dat', 'SaveBackEMF', '-ascii")
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