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O 3.1: Parameter of magnetic bearing

Parameter Value
Mass of the rotor m 1.39 x 10'[kg]
Moment of Inertia about X J, 1.348 x 10 %[kg-m?|
Moment of Inertia about Y J, 2.326 x 10 2?[kg-m?
Distance between center of L 1.30 x 10~ [m]

mass and left electromagnet

Distance between center of .
mass and right electromagnet b 1.30 x 107 [m]

Distance between center of

mass and motor m Ofm]
Steady attractive Force Fn, Fpy 9.09 x 10'[N]
Froasiors | 220 x 101[N]
Steady current In, I 6.3 x 1071[A]
Li2~14,720r4 3.1 x 1071[A4]
Steady gap |44 5.5 x 107*[m]
Resistance R 1.07 x 101[Q]
Inductance L 2.85 x 1071[H]
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O 3.2: Matrices in state equation of magnetic bearing
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[0 3.2: Block diagram of magnetic bearing
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O 4.1: Transmission poles and zeros of magnetic bearing (10000rpm)

Poles Zeros
—2.4305 x 102 | 2.5355 x 109 + 52.5930 x 10°
—2.3045 x 102 | —2.5355 x 10° + 52.5930 x 10°
—1.6161 x 10% | —2.5355 x 10° — 72.5930 x 10°
—1.5173 x 10% | 2.5355 x 10° — j2.5930 x 10°
—3.7544 x 10' | —1.2148 x 10%° — 55.0441 x 10
—3.7544 x 10' | 1.2148 x 10'° — 73.6442 x 10
—3.7544 x 101
—3.7544 x 10*
1.5173 x 102
1.6161 x 102
2.3044 x 102
2.4305 x 102

Cpre(s) = (4.1)

00 0 0 Cpe

1 000
0100
Cponls) = 10000 (4.2)
0 001
eonls) = 1800{1 + s/(2m - 12) {1 + s/(27 - 30) }{1 + s/(27 - 50)} (4.3)
re {1+ s/(2m - 0.01)}{1 + s/(27 - T00)}{1 + s/(27 - 1200)}
trnls) = 1200{1 + s/(2m - 10) {1 + s/(2m - 17)}{1 + s/(27 - 40)} (4.4)
bre {1+s/(27-0.01)}{1+ s/(27 - 700)}{1 + s/(27 - 1200)}

000000000000000 P, = CpwPCr0000000P000000
000000 P=M;'N,O0OOO

gboooboooboooo p,O00bb0O0bbOo0ob410000DO0O0O
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Singular Values
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Fregency[Hz]

0 4.1: Shaped plant P,

O000000000000e«p0000 (225) 00000000000

0.98892 0.98862 0.97142 0.97062 \ '/
EF Z 1+

1 —0.0889% ' 1-0.0886%  1—0.97142 " 1—0.97062
= 0.907 (4.5)

0000009700 0000000000(224)00000 KpOODOODOepDOO
UbbOb00d0Ueprp=0140800000

Step.2 JU00OOOOODOODODOODOODOOODOOODOODOOOODOODOODOO
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O00«.0000000000000DO0D0DO4O0000000000000Od,8
gobooggobobbuooobobobobidywboobobbboooobbobo
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GO0000000 [d dyw])’0000000 [y 1 3]*00000000d;0d,0
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O—ce ' P P cul—0O

O 4.2: Generalized plant G

w0 O0O0O00D000000000000o000o0o0oo0o0ooUoDO P(s)0OO
gbobobooobobuooobobuoooobboooobobobooonbg

0 0,1
G=|1 P, P, (4.6)
I PP,
0000000000 K,0O0OO0O0A(G,K,) 0000000000

Ky(I — P,Ky)™" Kiy(I — P.Ky)'P,

FG, Ky) =
(G, K) (I-PKy)t  (I—PKy) P,

(4.7)

000000 000000000 yyODODOOOOOO 47)Oooooog (-
PK,)"'P, 0000000000000 00WOOOODOODODODOOOO woOo
O L000000000 wooooboooobuoooobooooboobooo
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O000a =001001000000000000000000000 K0 KO
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0 4.2: Stability margin of Hadamard weighted loop shaping design procedure

a | stability margin

0.1408
10 0.1387
100 0.1352

000000000 Kp(i=0,10,10000 000 H ,O0O0OOOOOOOOOODOO
gbboggoboooobbooobouoooobuooobbbobobbao
O Kp(:=10,10,100) 001176 00000000000 0O0OO

Step.4 U0 UO0O0O0OOOO0OOOOOODLDOODODO

Ki = CpreKithost (411)
dood:=0,10,1000000

(47)00 48)000000 LOODODOyOOOODODDOOODOOODDODOOOOOODOO
O0«000000000000000000D000000 Ki(i=0,10,100) 0 1176 O
0000000000000000000 Ki(:=0,10,100)0 118000000
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00000 H,000000000000000000000000000000000
D000000000000000000000 H,000O0O0O00000000000
0000000000000000000000000000000000000000
000 KeOKyOKD OODO 11880 0000000000000000000000
000000000000 000000000000000000000000000
000000000000000000 [10]13)[14[15000000000000000
000 H,O0O0OOOOO0O0000000000000000000000000000
0000000000000000000000000000000000000000
0000040000000000000000000000000000000000
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Kn(1=0,10,100) 00 0000000000000000O00OOOODOOOOOOOO
OO0obDobooobooobouooboobbbioobid KepD Kion Keepr OO OO0
ooob43000000000DO0OO0ODO0O0O0O0ObO0OLD NebObODbObOODODO

gbob3dobbouooobboboogbbbooad

0 4.3: Hankel singular values of Kqp, Kion, K1o00n

Kop

CO DD R DO BRI B DD DD R D DD = = = = e e
SO XTSI NE RN RSO TDNEA WN RO L©XPTDOE W -

3.4226
3.3562
3.2090
3.1379
1.7702
1.7379
1.6047
1.5691

3.0525 x 1071

2.9791 x 1071

1.6195 x 107!

1.5537 x 1071

1.0886 x 107!

1.0630 x 107!

5.5152 x 102

5.1991 x 102

1.5595 x 1072

1.5203 x 1072

1.4405 x 1072

7.6829 x 1073

6.4731 x 1073

5.1899 x 1073

4.8294 x 1073

4.7661 x 1073

4.5233 x 10~*

1.3026 x 10~*

2.2798 x 107°

1.0045 x 1072

9.0771 x 107°

3.2091 x 10°°

1.5945
3.4463 x 1071
3.2078 x 1071
2.1455 x 1071
1.6110 x 10!
1.2445 x 107!
1.1445 x 107!
7.6530 x 1072
5.6348 x 102
2.8797 x 1072
2.6748 x 1072
1.8930 x 102
1.8242 x 102
1.4341 x 1072
9.8863 x 1073
6.5103 x 1073
6.1541 x 1073
4.7637 x 1073
4.5332 x 1073
8.2883 x 1074
5.2324 x 1074
4.0068 x 10~*
2.2982 x 1074

1.5818
3.4641 x 1071
3.2011 x 1071
1.8711 x 107!
1.6487 x 107!
1.3015 x 107!
1.1276 x 107!
6.4690 x 102
5.8954 x 102
5.0177 x 1072
4.3174 x 1072
2.2221 x 1072
1.8072 x 102
1.1106 x 1072
8.5357 x 1073
6.7070 x 1073
6.3779 x 1073
5.6632 x 1073
3.7709 x 1073
2.4179 x 1073
2.3877 x 1073
1.0825 x 107*
8.1564 x 10*

gogodoooooobbobbbbobbobbbobbobouboouuoogo
gobooboboooboobbbbdoobboobboobooobobboobboon
4300 00000000000 boobbbuoouobboobobobobuoooon
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O 4.3: Controller Ky, Ky,
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Singular Values

1 Y ¥ N S Y S S Y S S S 5
107" 10° 10" 10° 10° 10

Singular Values

Fregency[Hz]

0 4.4: Controller Ky, K1g,

10
10

B 10° 10! 10° 10° 10
Fregency[Hz]

O 4.5: Controller Kigg, K100r
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[0 4.4: Stability margin of reduced order controller

stability margin
Ko, 0.1408
Ko, 0.1387
Kioor 0.1339
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0 4.5: Transmission poles and zeros of Ky,

Poles Zeros
—7.5398 x 103 —7.3387 x 103
—4.3982 x 103 —7.5387 x 103
—6.2831 x 1072 —7.4974 x 103
—7.5398 x 103 —7.5405 x 103
—4.3982 x 103 —4.4711 x 103
—6.2831 x 1072 —4.3987 x 103
—7.5398 x 103 —4.3980 x 103
—4.3982 x 103 —4.4139 x 103
—6.2831 x 1072 —3.1416 x 102
—7.5398 x 103 —3.1416 x 102
—4.3982 x 103 —2.3044 x 10?
—6.2832 x 1072 —1.3819 x 102
—5.4298 x 10* —2.5134 x 102
—5.4294 x 10* —1.8850 x 102
—5.4295 x 10* —1.8850 x 102
—5.4297 x 10* —1.3326 x 10*

—6.1445 x 10% + 74.7286 x 10!
—6.1445 x 10% — j4.7286 x 10*

—6.7643 x 10°
—6.9799 x 103
—6.4271 x 103
—5.8519 x 103
—5.2625 x 103
—5.1509 x 103
—3.0307 x 102
—2.0491 x 102
—3.0190 x 102

—1.9608 x 10% 4 j1.8014 x 10
—1.9608 x 102 — j1.8014 x 10%

—1.7796 x 107

—5.8217 x 10 + 72.6581 x 10!
—5.8217 x 10' — 52.6581 x 10!

—8.9870 x 10!
—7.2870 x 10!
—6.9608 x 10*
—7.3281 x 10!

—1.6089 x 10 + j2.2654 x 10°
—1.6089 x 10* — j2.2654 x 10°
—1.8100 x 10*

—3.4299 x 10!

—3.4351 x 10" + 571.1334748 x 10°
—3.4351 x 10" — j1.1334748 x 10°
—4.8150 x 10*

—2.5133 x 102
—2.5133 x 102
—5.6798 x 10"

—1.0681 x 102
—1.0681 x 102
—6.2832 x 10°
—6.2832 x 10*

—7.5398 x 10*

—7.5398 x 10*
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0 4.6: Transmission poles and zeros of K1y,

Poles Zeros
—7.5398 x 103 —7.5283 x 103
—4.3982 x 103 —7.8551 x 103
—6.2832 x 1072 —7.4837 x 103
—7.5398 x 103 —7.5665 x 103
—4.3982 x 103 —4.2385 x 103
—6.2832 x 1072 —4.4179 x 103
—7.5398 x 103 —4.4027 x 103
—4.3982 x 103 —4.3598 x 103
—6.2832 x 1072 —1.0898 x 10% 4 51.4591 x 102
—7.5398 x 103 —1.0898 x 10% — 71.4591 x 102
—4.3982 x 103 —2.1017 x 102
—6.2832 x 1072 —3.1416 x 102
—1.5980 x 10° —3.1416 x 102
—1.5980 x 10° —1.4780 x 102
—1.5980 x 10° —2.5133 x 102
—1.5980 x 10° —1.8850 x 10% 4 78.7796 x 10~°
—7.5156 x 103 —1.8850 x 10% — 58.7796 x 10°°

—6.1295 x 10% + j1.9139 x 102
—6.1295 x 10% — j1.9139 x 102
—4.8206 x 103
—7.1599 x 10°
—6.5702 x 10°
—5.7142 x 10°
—4.9846 x 10°
—1.1410 x 10% 4 j1.5972 x 10?
—1.1410 x 10% — §1.5972 x 102
—3.0236 x 102
—9.5484 x 10 + j4.5083 x 10!
—9.5484 x 10" — j4.5083 x 10!
—2.9063 x 102
—1.5591 x 102
—4.4358 x 10*
—7.7673 x 10
—1.7167 x 102
—1.7039 x 102
—3.5120 x 10t

—2.5133 x 102
—1.2983 x 10"
—1.1464 x 10*
—2.2622 x 10* + j4.3226 x 10°
—2.2622 x 10" — j4.3226 x 10°
—3.6014 x 10!
—1.8401 x 10* 4 59.4344 x 10°
—1.8401 x 10* — j9.4344 x 10°
—4.7803 x 10!
—1.0681 x 102
—1.0681 x 102
—7.5398 x 10!
—7.5398 x 10!
—6.2832 x 10!
—6.2832 x 10!
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0 4.7: Transmission poles and zeros of Kgo,

Poles Zeros
—7.5398 x 103 —7.5152 x 103
—4.3982 x 10° —7.7354 x 103
—6.2832 x 1072 —5.0068 x 10% + 71.1849 x 103
—7.5398 x 103 —5.0068 x 103 — 71.1849 x 103
—4.3982 x 103 —4.4144 x 103
—6.2832 x 1072 —4.2900 x 103
—7.5398 x 10° —2.4695 x 10% + 71.7763 x 103
—4.3982 x 103 —2.4691 x 103 — 71.7763 X 103
—6.2832 x 1072 —5.5401 x 102
—7.5398 x 10° —3.8246 x 10% + 73.6964 x 102
—4.3982 x 103 —3.8246 x 10% — 73.6964 x 10?
—6.2832¢e x 1072 —3.1416 x 102
—2.5370 x 10° —3.1416 x 102
—2.5379 x 10° —1.2599 x 102
—2.5377 x 10° —2.5133 x 102
—2.5379 x 10° —2.5133 x 102
—6.9681 x 103 —1.8850 x 102
—2.5931 x 103 4 51.7884 x 103 —1.8850 x 102
—2.5931 x 10° — 71.7884 X 103 —1.3721 x 10*

—5.4409 x 103
—6.5971 x 10°
—5.1178 x 10% + j1.5450 x 103
—5.1178 x 10% — j1.5450 x 10°
—5.6804 x 103
—4.0686 x 10% 4 73.9519 x 10?
—4.0686 x 102 — j3.9519 x 102
—5.6812 x 102
—2.4478 x 10% 4 j5.3939 x 10!
—2.4478 x 10 — j5.3939 x 10!
—7.4280 x 10" + j4.3437 x 10!
—7.4280 x 10" — j4.3437 x 10*
—7.1249 x 101
—2.4076 x 102
—6.9806 x 10
—1.6016 x 102
—5.4368 x 10

—1.4457 x 10* 4+ §1.0157
—1.4457 x 10* — j1.0157
—5.9615 x 10"
—1.8948 x 10*
—3.3859 x 10*
—3.2544 x 10*
—3.1738 x 10*
—1.0681 x 102
—1.0681 x 102
—7.5398 x 10°
—6.2832 x 10*
—6.2832 x 10°
—7.5398 x 10*
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O 5.2: Simulation result using K;o,(10000[rpm])

35



x10™

o

Vertical Gap g/1[m]
|
N

_47 -
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
o time[s]
1 x 10

E,
Q
S
o
o
>0
8
c
o
N
S
I —_ I I I I I I

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

time[s]

0 5.3: Simulation result using Koo, (10000[rpm])
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00 5.6: Simulation result using K;0,(20000[rpm])
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O A.3: Relation of axis of stator and axis of rotor
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Emaxhr = 0.2374 (B?)
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00 B.1: Transmission poles and zeros of Kyspp

Poles Zeros
—7.5398 x 10° —7.5398 x 10°
—4.3982 x 103 —7.5398 x 103
—6.2832 x 1072 —4.3983 x 103
—7.5398 x 103 —4.3983 x 103
—4.3982 x 103 —7.5398 x 103
—6.2831 x 1072 —7.5398 x 103
—8.3003 x 103 —4.3982 x 103
—8.2847 x 103 —4.3982 x 103
—4.6937 x 10% + 71.9466 x 103 | —1.5264 x 102
—4.6937 x 103 — 71.9466 x 103 | —1.5189 x 102
—4.6633 x 10% 4+ 71.9499 x 103 | —2.5133 x 102
—4.6633 x 103 — 71.9499 x 10® | —2.5133 x 10?
—2.9993 x 102 —1.0681 x 102
—2.9938 x 102 —1.0681 x 102
—1.9522 x 102 —1.9754 x 10*
—1.9500 x 102 —1.9775 x 10*
—7.3496 x 10* —2.4306 x 102
—7.3490 x 10* —2.4426 x 102
—7.5398 x 103 —6.2832 x 10!
—4.3982 x 103 —6.2832 x 10*
—6.2832 x 1072 —3.2516 x 10*
—7.5398 x 103 —3.2530 x 10*
—4.3982 x 103 —1.2507 x 10*
—6.2832 x 1072 —1.2501 x 10*
—7.8663 x 103 —3.1416 x 102
—7.8560 x 103 —3.1416 x 102
—4.0444 x 10° + 71.4671 x 103 | —3.4585 x 10!
—4.0444 x 103 — 51.4671 x 10® | —3.4590 x 10*
—4.0029 x 10% + 71.4464 x 103 | —1.8850 x 102
—4.0029 x 103 — 71.4464 x 103 | —1.8850 x 102
—2.2876 x 102 —7.5398 x 101
—2.2829 x 102 —7.5398 x 10*
—1.0960 x 102
—1.0954 x 102
—6.1691 x 10'
—6.1685 x 10*
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