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Fig. 1.1 Extracorporeal circulation
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(a) Photograph of the roller pump, (b) Driving principle of a roller pump
Sarns™ 15200 (Sarns Inc.)
Fig. 1.2 Roller pump
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(a) Photograph of the pulsatile pump. (b) Driving principle of a pulsatile pump
Toyobo VAS (E ik )
Fig. 1.3 Pulsatile blood pump
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Disposable b Disposabls Outlet et it
pump\ o .' pump head h

Bearing—|

Seal |

F’ermanent/ :
magnet

Motor——7

(a) Photograph of the centrifugal pump, (b) Driving principle of a centrifugal pump
Capiox” (7 /L kXS )

Fig. 1.4 Centrifugal blood pump utilizing a mechanical bearing and seal
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Al_d[om| iy
\ N\ .~ 3
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Fig. 1.5 Driving principle of a magnetically levitated Fig. 1.6 Photograph of the CentriMag"”
(MagLev) centrifugal blood pump (Levitronix GmbH)
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Table 1.1 Characteristics of the blood pumps for extracorporeal circulation
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Fig. 2.3 Principle of the contactless support by the magnetic bearing
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Fig. 2.9 Simulated results of the stiffness in the passively supported directions

0.16

0.12} c oy
L
- / h
o Fi
= 008t /
8 /
= /
& ooa /
e /
"‘_ -'__f'

0.00% :

0 2 4 6 8 1012 14 16 18
Rotational angle degree

Fig. 2.10 Simulated results of the transmitted torque
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Fig. 2.11 Simulated results of the negative stiffness and current-force coefficient

Table 2.1 Targeted and simulated values of magnetic bearing

and torque transmission mechanism

Targeted values Simulated values
Stiffness in theKaxla[ direction 19 N/mm 70.5 N/mm
Stiffness in the tilt direction Ky 4.0 Nm/rad A 35.5 Nm/rad
Negative S’llffn.eSS in the radial ) -82.5 N/mm
direction K,

Current-force coefficient K, - 5.23 N/A
Maximum transmitted torque | 0.090 Nm ' 0.140 Nm
Maximum current for start-up <10 A 7.5 A
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Fig. 2.12 Block diagram of magnetic bearing control system
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Fig. 2.14 Cross sectional views of the pump heads
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Fig. 2.15 Dimensions of the cone-shaped impeller utilized in the proposed pump
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Fig. 2.16 Configuration of the proposed MaglLev centrifugal blood pump for extracorporeal

circulation with the cone-shaped impeller
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LRI T % Vil (MR X URINEZ- EAA, RV O UBRAEH) 2 LIAA
THIELT=DL, a—fRICEEIMT L.

K2.181c, BIFBMEBAYTERVTOEELRT. BRAEOIA ML, EHE
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Fig. 2.17 Fabrication process of the cone-shaped impeller
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(b) Magnetic £ e - 8
coupling disk (g) Disposable pump head and reusable stator

210

160

i ] ] (h) Proposed MagLev centrifugal blood pump
(¢) Cone shaped impeller  (f) Top housing with cone-shaped impeller

Fig. 2.18 Photographs of the parts and assembled prototype pump

2. 5 {tReFTE

2. 5. 1 FEt-BEHRR
AE LMk 71240% 7 ) & ) KSR E R LIDRIET, A X~ T8 L - [l

REAEM L, FEIFMDENEIVICL DA RT NGO TOEMAELERT 5. &

B20°CHTZICEBIT H40% 7 VU z U UKBIRIE, 372D Mk DFEE (0.0036Pa-s) & 1EiF[F%
THAHY F9, BHEFTNDNRT A —FRIEET-7%, EESEOFME21TH.

(1) BT AONRT A —FFRE
RERIOTRLE, MRELZECHZ L bo—FJAONRT A —2 2 RETHE, ZEHRE

29
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b EREEPUCERERE L TV D ORHRTE 5.
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REBDET NIRRT A—F RS E, VAT LAOBp% -400rad/sifEE LIZIFIZ, &
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MEBCRVOIE, ML - BIBEICLDIBMROBROVEVREEFHLOTADREDHT
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Fig. 2.19 Frequency response of the plant in 40% glycerol water
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Table 2.2 Maodel parameters in 40% glycerol water
Initial model parameters Identified model parameters
L 3.20 mH 4.80 mH
R 1.60 QO 1.64 Q)
M 0.17 kg 1.10 ke
G 0 Ns/m 52.3 Ns/m
K -82.5 kKN/m -90.0 kN/m
K; 5.23 N/A 6.43 N/A
Table 2.3 Control parameters in 40% glycerol water
Al 1.61x10°
A0 1.78x10°
B2 1.25%10°
BI 1.64x10
BO 4.16x10"
P -400 rad/s
Kasic 1.0x10™
o L. X directi
' —— X direction
200 - i Control start ¥ direction
e 100+
o .
5 o
£ -100} S e
1)) L
& -200f
2 300[
a L
-4001
%8s 0.4 06 0.8 1.0
Time s

Fig. 2.20 Impeller displacement in 40% glycerol water at the beginning of control
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Fig. 2.21 Impeller position in 40% glycerol water at 0 L/min
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=B XTI DRE, Py Ta—rvEmédA bAa—rTEE, Th€Eh=277
ROy 2+ 57w, HEEHOSPLE, 7e—X R o3P caEanstEzbn
5. 7a—X LRI TE, ETOV27 9 FIMLBEIDAFTRT, 478
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Fig. 2.22 Location of the displacement sensors for the axial displacement measurement
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Flow rate L/min

Fig. 2.23 Impeller position in the axial direction in 40% glycerol water
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2. 5. 3 5E - REME

224127, U P LB THRL S 585 A 2 BB BR BRI RIE R 7 4 B g
L, In=iRik st (Eggs DELTA, A& A— 1 N) |, FA4 775 AXEHFH (
KL76, REitIkEtt) 2T, 512 - MEMREEZNETS. E£7, 40%7 V') -
KiasiRZEBEA E 3 5. METHE, 4 X7 EERH—EDIRET, KO 4HE L
T, BRLAREZEETDS. KR2SICAERERLTT LI, FEEE#2,600rpmici T,
IRAMEER IR o 7 Bk S A ESL/min, #H#250mmHg (33.3kPa) LA L o>k %
L7,

Reservoir

40%Glycerol
water

Flow meter

Resistance

Pressure sensor

Prototype pump

Fig. 2.24 Mock circulatory loop for the measurement of the

pressure-flow curves (HQ characteristics)
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Flow rate L/min

Fig. 2.25 Pressure-flow curves (HQ characteristics) of the prototype pump
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2. 5. 4 HEmiFE

MRE=ZEAT 52 & ¢, EROEMAES 2 AV nEm M KR 7RI E 2> T
W E, KR T AFEERH 5. 2T, RIERL 7 & BioPump® BPX-80% FU T,
BEOHEIMEEEZITY. R TRBRICE D AN CROERPBEIEIND &, NEO~
70 R IETICERET S, EnRER TR, EE~T /o VB EAMENRETS
ZEERFALT, EFEMCFHMMEIT . FHMEOEEE LT, XEME - EBRBEPED S
wF.DONIH (Normalized Index of Hemolysis) "% Fiv %

Nﬁwlaw_m)
NIH = 100 100 (mg/100L) (2.13)
or
AHbge.  : RBREAGED D DWERE~E 7 1 ¥ HEINE (mg)
14  TRERER O MR FTIEE (L)
Ht v b7 Uy b RVEKEBTHREE) (%)
0 : i & (L/min)
T : TEERFFMA) (min)

MmikzERODBET D &, EEE~TE/ o 25 LE HBE, ZOMOMEKBIZST
HIENTED. BEOHEEZML & 9 BICY T, TOEBELZMET I HEEDZH N
T, RBATRICBT 3~ T S o UV BRAET . BRI, REEAL Ly
BFrrIDLE~RY Y, FIAEMEL LTHF VY H~A o BIRE UTRRIIE 2 (EB R
Ang. BRERIIF224E/A—TH2H, VF—"%2EEE (TM3, TRV U HEXEH)
AN, MRIBEA37°CICRFT 5. FIEEIT500mL, FEiLSL/min, HEIX250mmHg,
PEBRIFRIZ6REM, RBREEII3EI & T35, F/-, RIER 7 LBPX-80IZAV 2 MK,
—EFEPLERLIcbD L L, MKICARBEKEZMZT, ~~ 7Y v b330%L 725
XOHRET 2. &5l RERBM - RTREIZZ ORI TRI—L L, RBRATHRICY
U PR OnLBEOMEEZHRR L, EbIiCELoER, ML X 5o 2mREEnic <
w’ETD.

B ABRETZICB 5, BioPump® BPX-80 L RAMER 7O L x 5 @& 2261257,
BMENZWVIEE, E~T/ o icivml 2 BBR R x5, BRTHEERLEL
A, MARVTOML X IBICKERERITRV. BHLUAENHEZ, K2271079. BIE
R T IIEKEZZEA LB P LT, S 260 L7ZBPX-80 L ¥ $ 10%/E>
DHT, BEL LIS ORMBEEZER TE oo, ZOBRICOWVT, KETTHEM
WEBETS.
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BioPump® BPX-80 Prototype pump
Fig. 2.26 Photographs of plasma and free hemoglobin
70
1 36 +/- 26 (n=4)
601
S0r 33 +/- 13 (n=4)
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BioPump® BPX-80 Prototype pump

Fig. 2.27 Hemolytic characteristics of the prototype pump compared with BioPump® BPX-80
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HIERY 7 TCREMBNENIZE 22T, BMEBSRIZTELY bS],
BioPump® BPX-80 £ Y 10%{EWREE Th o7z, SEIT» L MERIZ T 2 B M4 05
Eix, i) R 7USTOER, ii) BEZEAE o8 A0 BEFEEEEE, i) R TN To
R ABIS IR v A ) VXERCZIT oD, bAoA VXIS LR, BLRIC X » Ttk
M AEHDZ LT, ARABELORREE 25 - LIERMICER SN TVE'P
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Wi 3oL A 2 VARSI XA, BERV 72BN T, BPX-80LL LICBAEL T3
LFMBEND. £ T, BioPump® BPX-80 & RIER Y 7ICBA LT, CFDfEITZ A=, iii)
WCERTAEOFEAEEFTOERZIT, SROBMERO-HDOFHEET 5.

2. 6. 1 MRBEOETIVE

CFDFRNT THIMER ABRIG /10 L A ) VRIS I L DM BAEEHT 2 EET 57200, M
RIEBEET VERY. MEEEOFMmICIL, MEFoe~E oL, ML x o Pl
BELIEAE VDB TROEINARKDI A~V AT v 7 ADERAVS.

AHb
Dbﬁég (2.14)

AHbgee  : WBEA~ET R

Hb BT m Yy
mﬁ®ﬁﬁﬁ,Eﬁ&%®%ﬁﬁﬁﬂﬁﬁf@:kﬁ%%hfwé.%:?,meyﬁ
U0 REEE R R VN T, KB ARG ) & BRI & A L ClElE~T S m B R BE L
FOFEREEIZ, Giersiepen 5T X 2T, RADFE A=A T v 7 ADDOEBRIINEH
=iz,

AHb

D= 20 e _ (3.62 % 10~7)z_v2.416texp0.785 (2.15)
Hb

z : RN DR ARG

toxp L O R B

WIS ERRTOEBEIT, ZOERRICESNTTI. £k, RQISITRIEE AN DS
AN TVWAR, AIRIZBITB VA I ARSH T TCORBEREERE S, B —8T
BIERBESRTWAY, 22 TAMETIE, BHEEARIE L L LA VRIS d
BRETHD, AW T N8, RQRISHDGITRATE D LEET .

FARZB L EAEIRITLT YV TRDOEIN, BEEABIE 68 LA VRIS T Rld L
ToX ks,

du. Ou; 2 .
Tyy :;{ gjl +EJ_]—§# div(u) - 5y 2.16)
[ ou; Ouj 2 2
TW:ﬂ(E¢+7;J_&#p+§ymwm)5y @17
U s REMEERER
u E K
div(u) R LR
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5 LT BRYH—OFAE {8=13=), &=0#H)}
© : LIRS PRI

k D LR

P EOE

E7e, 0, XL 2, 3BEY, TRENX, Y, ZFWEBERTD. SEOMT T, hkz
FEEMIERAE L LT D 2, BEERIhvwITZLT5. LoT, MIROKMERELL
BEQIBEMTHDDT, HEy, IHEREy, SR RN TREVTREY.
K(2.16) & 21NZERANT, AV T IRXCHETS.

1 5 1/2
Ts‘:[gZ(Tii_Tjj)z"'zrij }

KRQB)DFHEIIZ, BHRBRE L, bUNETHD. CFDENITE AV I RERE O
BHEAFIEL LT, BESMCESWZMBRTAZT 6D, EL, AiLER 7D
L0 R ERE 2 AT AHEOES, RU7AO,LEEHOKAN I Fifts, —H2K
W ERHE L THRPICH? D ikt e TIE, RARERRIELIERY, RELBAERER
L.

FIT, Gaonb"RRRTIUTOFERZRATS. £, REHSEICE L TR
SNTERARDERA—VA T v 7 ADEREATS.

(2.18)

D, = DVOT85 _ (3 621077110785 z_s2.416/0.785texp 2.19)

TN ERFEMSS L TR200255.
d

D, = (3.62x1077)H0785 132.416;*0‘785 (2.20)
Alexp

ERX%, BUNRRAERICB > TBE LI2RORBEOEIEREZRT, REMHS OB TEX
x5,

d D] = a +u-V D[ (221)
dtexp azexp
u D EEANY ML

Lips. RUOTADENBREZEOHE, BERCBITIHHOL A -VEMRIFLRD
DT, FRE-HIIEEIND., iR TRk TERBES T L, ®KXEED.

[(u-V)D;dV = [(3.62 x1077)1/0-785 7 2:416/0.785 5/ (2.22)
14 14
14 : MRS @S B 2R
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EZEIZ, RTAONPOKRA RRBEEZRTCHOKESDT, RUTHOKELETORSY
A DEMREIC RS, TNETHELCFTR—LEETS L, RQ2)NELND
W0, 12 L 0BA, ZRERENICRA L=kt 1 BoARERBEZEREL, 20%7
TRy M DRHEINIGRELHAETHD. EEIEHE RENEZRBRL, HANE
HCHEIN D MR BEFEET B, AEITHEODER LRV,

Vj(u -V)D;dV = D,;Q (2.23)

0 AV Sy
it(2.19), (2.22), (2.23)%?5%’(, BRA—=D A F w7 ZADBPKRED. UEOMBEF A —
FRWT, BOREGFOEZELTS.

2. 6. 2 CFD@HETIL ~
CEDFEAT Tk, MECEHIMMERBOSTMEZEFE T 512D, RQ22)DERREOK L, K
(2.25)DFELIEIREEE Z B L7ZRANS (Reynolds-averaged Navier-Stokes) Ffasiz <.

Om | Oy | Oy _

ox;  Oxy Oxg 0 _ (229
B ) R ) R
u; =U; +u;

U; : o D EHE

u’; RO EENE

v D BIREE

p A

RIEL, SEOMFCIEu; DEERDH7DIC, k-EFETF A EERT 1, g,
BEOPREETIN—VEA o RTOBE, A U2 TRERIC L D2 TUROMEEE TRV
TRFENRED B, BEFFTET IR, a—rEBA 25 OBFAERHBIRO -,
EERIZ X APROMBEEH DRV O T, EREITEZERTS.

(2.281Z, fEHTIZHV %BioPump® BPX-80 L RETHR 7DV Y v REFAE D v b
L7zH%ERT. A7 AONLHOETE, BITRELT5. £z, SENIEMER A RIS
FEVA I NRENT L BMEE A — P DB ET 5 72, BioPump® BPX-80 Dl Hxfih
WIZBITEZ2EABAIIEE LY. YU v RETFAVIE3D CADY 7 b (SolidWorks,
SolidWorks Corp.) TERRL, A v i = DR EMENT Y /L/NESTAR-CD ver. 3.2 (CD-adapco
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Corp.) W2, Avi=id, BEEAFEO4UEZ =BIROTY XLt)v, 0o fEk
POEAEKROT FTFNVTERTD. FETAMEBTHELOHIT, BLZ400LETH
5. i, BETIRTOHRERRSmmEBSIE, BFEIZI05%ET 5,

Ry AQICHLADOMEBELZREL, HOBOEAIZKKKRIE (101kPa) &§ 5. miukiisE
Za— Uikl LTHONTWE A, EBOLR 7O LD 2ERTAMS CIE, #==2—1F
VN TE B, FEH==— PR LTHRS. SRR BER, AR
M 2 48E LT, £NE410.0036Pa-s, 1059%kg/m’ >+ 5. 7233, MHFICHWDH#ED
CPUliXeon (Dual Core) x 23, AEUIXAGBT, 1EF /i OFFFRFHITR488F
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Inlet
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it
0

BioPump® BPX-80 ; Proposed pump

Fig. 2.28 Cut models for the CFD analysis

2. 6. 3 CFDMTOREYERIT
Mg & AL OFRE AT D AN, B2 - mEMAE, #hihmEsr, BEmirfioifiizsn
T, ERROICHIE Li-t D &, CFDETE B4 B L, T2 M2 Mmitd 5.

(1) #f8 - MPERED RRE & DHE:
®2.29ic, 2. 5. 3ETHELELKERO L, CFDAET THOLN B - EMERE
Y. 728, CFD#TTH, 4 X7 E#%1,800rpm, 2,200rpm, 2,600rpmiZF3L Tk
L7, 2EM, MEORKRITEL<—HLTEY, SLminlcBWTE, FEEERICBIT
HIEENSNLA L, MERWIRITERBE L.

e



Experiment
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Fig. 2.29 Comparison of the HQ characteristics of the proposed pump

between CFD analysis and experiment
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Fig. 2.30 Simulation results of the pressure distribution at 5 L/min at 2,600 rpm
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UEDBEHEZA L _XFERBE MY T RPN THNEIIRES BHAE L, HERHK
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Fig. 2.31 Comparison of the stream line at the outlet between flow visualization and CFD analysis
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Fig. 2.32 Comparison of the stream line at the bottom surface of the bottom cone

between flow visualization and CFD analysis
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-]



0
= Simulation
Linearization
z
8
s o ] -52.2 Nimm
o
£
S
5
o -10+

000 005 010 045 020
Displacement um

(a) Restoring force in the axial direction

0.08
0.06} A
0.04} 7

0.02 /

Transmitted torque Nm

0.00 it o -

0 2 4 6 8 10 12 14
Rotational angle degree

(¢) Transmitted torque

N
o

= Simulation
Linearinzation

nlk’
(9))

| 5.10 NIA

Generated force N
o =
T T

Number of coil turns: 110

b 2 3 4
Current A

(e) Generated force by the magnetic bearing

o
-

o
w
T

Attractive force N

Restoring torque Nm
=
3]

=
o

s Simulation
Linearization

ﬂ -9.07 Nm/rad

o

10 20 30 40

Tilt angle mrad

(b) Restoring torque in the tilt direction

20

15t

10

L]

0

= Simulation
Linearization

7] 82.4 Nimm

0.00

005 010 015 020
Displacement mm

(d) Attractive force in the radial direction

Fig. 3.3 Simulated results of the magnetic bearing and torque transmission mechanism



Table 3.1 Targeted and simulated values of magnetic bearing

and torque transmission mechanism

Targeted values Simulated values
Stiffness in th;{ axial direction 19 N/mm 522 N/mm
Stiffness in the tilt direction Ky 4.0 Nm/rad 9.07 Nm/rad
Negative s?lffngss in the radial i -82.4 N/mm
direction K,
Current-force coefficient X; - 5.10 N/A
Maximum transmitted torque 0.060 Nm 0.073 Nm
Maximum current for start-up <10 A 55A
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Fig. 3.10 Dimensions of the vane-shaped impeller

Table 3.2 Comparison between the pump head with the cone-shaped impeller

and with the vane-shaped impeller

Diameter of the | Contact area between the impeller Priming: volumé
impeller and blood in the fluid clearance
Pump head with the 79 mm 10,700 mm® 80 mL
cone-shaped impeller (1) (m (1)
Pump head with the 50.6 mm 5,800 mm” 21 mL
vane-shaped impeller (0.64) (0.54) (0.26)




Magnetic
coupling disk

Electromagnet

Displacement
sensor

150

Epoxy resin

Ball bearing

Coupling

Brushless
DC Motor

Fig. 3.11 Configuration of the proposed Maglev centrifugal blood pump for extracorporeal

circulation with the vane-shaped impeller
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Table 3.3 Identified model] parameters in water

4.02 mH
7.550
0.57 kg

78.0 Ns/m
-83.2 kN/m
5.25 N/A

lallallelkdili

Table 3.4 Control parameters in water

Al 3.32x10°
A0 4.60x10°
B2 1.23x10°
Bl 3.02x10°
B0 ~1.16x10"
p -1068 rad/s
Kyero 1.0x10™
K; 10

K, 0.1

-62 -



100 iu.nﬂ—) Control start —— Xdirection
[ i — Y direction
€ sof !
5 [
£ Of : Seounlridii il
8 '
S
2 -50t
5 F "
-100F L ' . ; . : _ s .
0.0 0.2 0.4 0.6 0.8 1.0
Rotational speed rpm
Fig. 3.15 Impeller displacement in water at the beginning of control
20
—a— X direction
= — Y direction
10f
5§ of - PR et &
%
o
a
10}
-20

17400 1600 1800 2000 2200 2400 2600 2800 3000
Rotational speed rpm

Fig. 3.16 Impeller position in water at 0 L/min

HiB U o0 A 0k A MERR T D 7o b, MR LIE 20 L 722 WSO O SR BhIRIE & EE L,
E AT S . M3.171F, MR LHIEhERAAROA R IZIEBHIRIECH D, #aR LHl#EO
EHICL Y, REEESENBEICERTE TSI L 2R L. F, 2,800mpmicis
i B4R LRSS A% OA v _IXGMOER L, ZOFFTREFRERZ £ FhX3.18,
31910553, Mok LFEOAELREDRIZE - T, EEEH L 2 0m#sk s o
MHENTNWDHZ 2R L. UEORENS, M - MIFERRKERFICEEENS
AMEAR > 7OHE, TEHOT 72 —FiZ XHRBMBIDRB—DOMRE L ULTHHT
HOHT LEHRBLI.

-63 -



Displacement pm

Displacement um

40

—a— With repetitive control X
= — With repetitive control Y
—o— Without repetitive control X

- — - — Without repetitive control Y /

w
o

'____-_.:—'

—
o
T

e

g

Rotational accuracy 3¢ um
N
[ )

O 1 1 1 1 1 i 1 1 1
1400 16800 1800 2000 2200 2400 2600 2800 3000
Rotational speed rpm

Fig. 3.17 Rotational accuracy in the radial direction in water

30 30
20 20
F | £
10} = 10
I )
OH| = 0
- 3
-10F 2 -10
- @
20}k 0 -20
-3 A 1 . 1 i -3 " i s 1 A
8.0 0.1 02 0.3 8.0 0.1 0.2 03
Time s ' Time s
(a) Without repetitive control (b) With repetitive control
Fig. 3.18 Impeller displacement in water at 2,800 rpm
8 8
| |<—f =47 Hz (2,800 rpm)
6} g 6}
—2f an
=
41 o 4t
I Q| f=47Hz(2,800rpm)
2t 3f T:i of [ 2
i ‘ r = l / 2 s
0,._.] .ll.|.li|( all : Owli.;.ili i o
0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency Hz Frequency Hz
(a) Without repetitive control (b) With repetitive control

Fig. 3.19 Results of FFT analysis of the impeller displacement in water at 2,800 rpm

-64 -



3. 3. 2 RIS mEE

REMER > 7O, FHEFmMOBAFRSEELHEL, BHELZHET 5. H3.20027R7
iz, YR A—% (Model 6010, Sypris Test & Measurement) @ 7't —7IZHY {77
A=A ETFLBHA ERICERETS. KIZ, 2 ba—ARFR— 25 RELTELKPT
BRIF L UIA VR, AV 2RES R, A4 X7 O BERBIZE> TELEHTS
g—4 - BEAMORBNERET IV AA—ZTREL, FFTHTZIT5>Z LT, 475
EA R W5, HB321UCHRFEDR—NETOWMH & FOFFTRITFRZ 7T L 51,
A T 1 RIREE— FId114Hz, 2 WIRET— FiZ140Hz Tar» 7. BTN 6/ L0
fo i, BT RKRECHIE Lisa 7B &, 3DCADY 7 k (SolidWorks, SolidWorls Corp.)
THE U iEE— A REAWTEE L EARE SR E, $57 10723 145Hz, 8 & J7@ 5
[16Hz T dh » 1= DT, WE LEBE— FO 55, 1 REEIT— N2t Hin, 2 KkiRE
T Rl @ oEAIRBE CHS LB N5, [FERIZ, WE L EA#E4 & I
WA PMEMER R L0 C, #RARISIIRT. BUBARNT & ENME T, MDA
10%LA T &/h &<, BHBEREELZ ERSEEZ ZEBH TS 22 & 2ad L.

Impeller %_H\ ;
bl Impact hammer

Magnetic
coupling disk
Rotor Hall element
Electromagnet

Fig. 3.20 Measurement method of leakage magnetic flux
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Fig. 3.21 Measured vibration mode of the impeller

Table 3.5 Natural frequencies of the impeller and passive stiffness of the magnetic bearing

Natural frequency Passive stiffness
Axial direction £, | Tilt direction f, | Axial direction X; | Tilt direction Ky
Experiment 140 Hz 114 Hz 48.5 N/mm 8.65 Nm/rad
Simulation 145 Hz 116 Hz 52.2 N/mm 9.05 Nm/rad
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Fig. 3.22 Pressure-flow curves (HQ characteristics) of the prototype pump for principle validation
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Fig. 3.23 Experimental setup for measurement of the transmitted torque
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Fig. 3.24 Efficiency of the impeller versus head pressure at 5 L/min
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Fig. 3.31 Simulated results of the maximum transmitted torque

Table 3.6 Simulated results of the magnetic field analysis

Conventional Newly designed
(Pump for principle validation) | (Pump for animal experiment)

Stiffness in th;< axial direction 529 N/mm 57,6 N/mm

Stiffness in the tilt direction Ky 9.05 Nm/rad 11.3 Nm/rad

Negative stffnf:ss in the radial 82 4 N/mm -96.8 N/mm

direction K,

Current-force coefficient K; 5.10 N/A 5.37N/A
Maximum transmitted torque 0.073 Nm 0.134 Nm
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Table 3.7 Model parameters in 40% glycerol water

3.75mH
3.65Q
0.75 kg
20.0 Ns/m
-90.0 kN/m
7.20 N/A

Ialtallel <kl

Table 3.8 Control parameters in 40% glycerol water

Al 4.03%x10°
A0 6.17x10°
B2 1.75%10°
B1 2.40x10°
BO -~ 6.83x10™
p ~-1005 rad/s
Koero 1.0x10™
K; 10

-76 -



—a— 4,750 rpm
800} —7—4,500 rpm
— e e —— 4,250 rpm
£ i — -~ 4,000 rpm
) R —0—3,750 rppm
E 600%* Rt O, i —n— 3,500 rpm
@ 500F— San. e > 3,250 rpm
! — T ———— | —«—3,000mpm

3____——‘—-—-,—\_.___________ rp
@ gt - > e e —— —v— 2,750 rpm

Q— [ > »>

300 . < — > —¢— 2600 rpm
E s R v —vj______“—** ~a— 2250 rpm
o REOE =R el ey —e— 2,000 rpm
: — —=—1,750 rpm

100 a - 7 o N P

N - S S T R [ R— V"

Flow rate L/min

Fig. 3.33 Pressure-flow curves (HQ characteristics) of the prototype pump for animal experiment
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Fig. 3.36 Results of the impulse excitation test in the X direction in air
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Fig. 3.38 Results of the vibration test with the acceleration of 9.8 m/s’

82



0 50 700 150 200 250 300

(a) Impeller position in the X direction
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Fig. 3.39 Impeller position and coil current during durability test
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Fig. 3.40 Photographs of the impeller after the durability test
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Fig. 3.41 Modified fabrication process of the impeller
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Fig. 3.42 Photographs of the impeller fabricated by the modified process

after the animal experiment
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Fig. 3.43 Rotational accuracy 3¢ of the impeller in the X direction in air
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Fig. 3.44 Power consumption of the electromagnet in the X direction in air
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Fig. 3.46 Photograph of the disposable pump head after the animal experiment

3.8 # §

AETHE, BETHENMERALBR > 7OEEM L, 1FRAZ2EMBLS B L8
MERWOERZHNE L. FUDICERBIEER DO, F2EDa— RS T
9 H/IETHROEDERSOMMDR— R, T EREMSZICEA L, T -
i TR EEAL AR & A T SRR R LA R A ARG - BB LT A TR
LTHRKEZEEL, SR LA X 2RBIHEOADME R Uis, wWluktEl, AEE L
T 72BioPump® BPX-80D#I50% % MK L7=. 7235, CFDRIE2HW(_—r% L0 E
ERIRETHIET, A _TRAEEZIHIERL, Bl XY BB TE 2 ahHEHE
BHY, SBRRFATITETHS.

B EEW TIZ, TRMLIRER T Oh % v 7 {ixSEZIC0E Lz BEEMEE, HE&ES)/min,

88+



H12750mmHg (99.8kPa) DNERFRER & 5IC, BRI v TV 7T 4 AT 2 ERFL,
mEM I ZmELE. HREHMEORR, EANCRSRWMERYE, WESE2ET5C
LEMR L. MARRTIE, ERBICA _THEERORESHBEL, vy 7
DBBEBRE LD, MAERLEOZOORYEFREZRELE. £, 8BEXT VL
BEZRNTHERE LA T, RR 7L LTRSS REGREE, BKEsHE
BAOZER L. BMERTIE, BEOHBERET L~ 2 BMOMMERE21T->5
B, R7RICMBEBBRINRNT L 2R L., RECER LZmER T oM
UTICEL 5. |
o AEMAFHEIIFEERISIC T, BioPump® BPX-800D50%% FEsR L 7-. A
o MEBMBATORR, BMEREOH - HX FMAlE, BRAEE M IZERLEH,
57.6 N/mm, 11.3 Nm/rad, 0.134NmTdho7-.
o BRE - MEMREIIEMERMIZ CSL/min, 750mmHg (99.8kPa) DL E%3ER L7-.
o BEERABROKR, 200m/s’ (20G) A /L RAEBE T TOA 5 DR EIEMES,
H#EEFEI L.
o RERBROMRE, ERBEIICEIT DIMEEISm/S (1G) ERBMRET TOA >
T DOEEIEMBERIE L2 ERE L.

o AUNFEUEREOKREBIZLY, 2EMOMAMEEERLE.

o EEOTEERIELIT - LFFOMBERIZENT, 1~2EHOEMm% LR L.
BEIETOREL, FVBTHOEEL - K= X Meost L, £, A L EORAMKR X
CHRFREDOFE A HIT b D, BAEIICB T BHENE TR T~y NOEFFEHREIZ 1
FTATEUETHY, BKRTOLRBEERIIARFOHE LRI SN THDEZ LD, A
PRGNV TEOEBIEEIM T CIXEEEN AT THS. £z, FEWVBTHOE
aAZX MEDBRPOOBRER DS, I oOREICK LTIE, A 3T BB 05 H A
PEHTHS EEXDNDN, BIEOMEIC L 5 A 2T NEOKABE ORI
o, Fie, B{EHA URTREERIZBWT, KABAOEBEMLY, KX Meoihif
ERDBZLHD.

-89 -



FA4EFE FEMETHICKAEABEZALGL
HENRRERARSELEOMER Y T

4. 1 #& E

BTETIE, ERAMLEBR LZERE - mEMe, KL, WEE - miReE, A%
PETAHEMEBRAMBR S 7EER L. £, 4037 OBKE LA EOB A
DOEBERTHLZ L2EFMERNOER L. LELAERBL, EWVETEHOKARE DfE
FARREE LTET N, A 37 OIFEMEERE RO/ 0121, FEEFORE D AV
ﬁ%&é&<¢é<¢6%£ﬁké.@ﬂb%ﬁﬁié%%b%mﬁ@ﬁ%%%m%ﬁb
7S, MSL - MTHEEMENGS, BEALLOL Y REBRBAENBUELRD. Z0O%
&, BHEAORBIC L 2MEOENE - BEL, BEORE, =1 VIEEEIEOEMHEIIRE
ENBD. TR, 74— KAy 7B X DR AVEEIIBAR S 5.

BIEE TIX, v —FWICNBET DAABE DM TBENMEN D, o—Fgk) v 7o
T RAOBIEM B A &« OXABEIZSLETHEMLL, AV AVEBRAML S &
L, BEGBSHN . Zokd, I - BB EFICEETH =, E2, KA
BREE VY Z—F Y e LTWE7®), KABAOEMENERBEICEES 52 5.
T, KABAOEREEMLEEZREF L, thoMBOMEMLIE RESE Lz, 2720,
KA DERBEMTIZIE, EERFORBEMER - o X FOE THRTNERENZ.

F72, BAEICBT2EMOENVB TR P~y FEREX 1 F4FHEUETHD, B
KTOLRBBERPATOTELHEESNDZ 0D, FRMICIIRY T~y ROERE
BDUWETHY, HEROGHEIMT Cixizd, FHERICI28ENEE L. ERERICE
SHOWBNARY I—FRxA MIEEFEHRET 256, RBERDV T REBIRE
145°CPOLL BICBT D MERSH S, LLRRSL, X3V LAERDEE, 145°CREILE
WIS X D RAIHBREARET 2. Fl2IT, FIEO 0 —ZBICHVAMESOmm, K
B42mm, B S6mmDKABEE BEDR— I T U AMRERPcE T TRD (Pc=1.67) , —f%
B2 A Y bR ORI E AV CR A EEREAREET DREEZRET L L, 90°CRE
LB ZoBG, BME - RE NV BRBATH1IEN Y TR, BREROBREEDE
LOXILRY, BERHMKEZHHEHSRES 22,

Fl, RAVTLREDLT A Z VL, FOWRPEREORKIIEEINS - ORME
BENTED DM, HRE T LT X ZAEFEDROREM BB O

1%

-90 -



"ODOVBHRFZON TS, Z0O%D), HNBTEHTHE R P~y NKBIT 5 X4
LREAROHERITEE L2V, U EORMBEEMRRT 5720, AETIIEWEE THICK AR
BERAWRY, FAMERABKE LR LOMER S 7ORREZENET5.

Mz, v—F KR EAWROVBEKES - M M mEREORE L IRE
T5. Wic, (EkEY ORltE, KMV RS X DIC, BT E RV CEE T
VW, MERCFICEATS. AMECTHLNENL - MRREL 5 &M<, MR
DREFEIFTO S, KETHLR—VEA VRTEFHATS. RIER L TOMKE EEHE
DORFEZATV, Btkic, BR - MEMEROFMEETT .

4. 2 HEREZ - EEM LY EERBORE

AT, v—& BICAAREZ ROV - M L REREERET S,
ATEE C L FRE, & - EX FEZEs, BFmiTT 0 — K3y ZHI#I X - THE -
BNTD 2 B HEMERBESEI L RATS. HEEFRORES/ N SVE, SELABA
VARG T b FITHSREEEDBONT, BKEFELIREL 25, +o%RAIER
BT, BHEICAA 7T ABREHAE L CRRERET 5 5B L, fiFEETOLIK
KARER DAL 7 AR EFRT 2HFE, b L RTOBEHFEMATHE B EXL
N5, IEL, BHEAICAA T ABHREMEETHE, A VORI L2 WIROEE -
BEAEESND. I Tn—FICAABER RV, BARBOKAREDART, +5
RGN DB RETS.

a1z, BETIRKIET « M ML 7 EREOBIIER 2R Y. BRAI4EO
FRATEE L, —SROBEREFIC, MSOBERTFERDEICEBENS. Ll
DOREBII T —Z VAR L, FHOBMEIT 2 ENBEAOR BN > TS, n—
FIINEICEEM TR L8k ) > 7 L EOH CHERET 2. WEORE, MToMR ko
2%, HEETOSHEID AEICER L.

AT, v —FBICKAAESERVED, MARER2EDOAS T AKEY, @
EWOKAGEDOHCRETAVLERSHS. 22T, vn—FRNEAIE, BFmcERLE
KABEEY > 28, HEMTEHE LREERY v 7 2@ bR R4 0WEE L5, B
‘O TV TF 4 AT RBETD. ZOMRIy TV TT 4 R 7%, E#RICE-T
ABOBREE THEBR R, SEEZRBTTRB SN, 0, 5MICEET 5.

WEN Y TV ITF 4 R FHMOKNEGRFKET DA T ABREA, LHOKARK
FRRETANRATABEEBLE TS, N T7TAERARZ, n— 2 2R TCEMAZEY, &

-91 -



Electromagnet Rotor (Disposable)

Magnetic coupling disk

Bias flux B

/7, Bias fluxA

Bl Vagnetic material
Permanent magnet

[ Coil

[ ] Non-magnetic material

Motor shaft

Fig. 4.1 Configuration of the proposed magnetic bearing and

contactless torque transmission mechanism
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Fig. 4.2 Principle of the contactless support by the magnetic bearing

203 -



Fig. 4.3 Principle of the contactless torque transmission mechanism
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M TLES. —F, B46DARIOLSIZ, =3mmicxtL, @—% FimEloES %
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ZOETLAHEMMA LT, uEAABARE S ORIBRIC L BREW3 | Ha L.

Bk, SIEBAORKEREZB D70, o—4 2RFMICHEEMS O03mmZE
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WA OR R %, K4T72R: 7. 2l a4 B HIEYERE L AED1102 8T
LTwab. iz, BrfRL0HFoNTHBRFEEE, KRS B rmmiteiz B IRE %
WIEER LT, E SRt BIEEED8S% Th o720y, B LR OEREBIZE VT,
fEEFANIBEMB A0S DIREDEMN TH- DT, AFFHELMEREL MR
THEZEZOND. MKBEMYIX, v—FEWMRAy T ) 7T 0 27 ORI
16°0 & =, HAEfEZ LE20.124NmTH - 7o il 180 B b WF (o 00 B 70 f K O S ) 1T
370Aturns TH 272D T, PELTWAaA LEBZHI0DBEES, HAKEHRITI4ALLS.
RI6DBI BRI J51T 2 BESMRATRE R L I+ 2 &, iR - AR k& ), KRR il
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WheHTHEEZELBNS.

Restoring fo%

Magnetic coupling disk Raotor ﬁias -

Restering force

Attractive force by
the leakage flux

Leakage flux

"-.-q IR
\ - Alignment

Fig. 4.6 Attractive force by the leakage flux and restoring force
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(d) Attractive force in the radial direction

Fig. 4.7 Simulated results of the magnetic bearing and torque transmission mechanism
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Table 4.1 Targeted values and simulated results of magnetic bearing

and torque transmission mechanism

Targeted values Simulated results

Stiffness in the axial direction X, 53.5 N/mm 53.3 N/mm

Stiffness in the tilt direction Ky 9.82 Nm/rad 8.31 Nm/rad

Negative stuffnfess in the radial ) -126 N/mm

direction K,
Current-force coefficient K; - 11.7 N/A
Maximum transmitted torque 0.105 Nm 0.124 Nm
Maximum current for start-up <I10A 34A

4. 3. 2 MmERLTDHE

RMIEAR 7 OWAIEREHE, 8 3 BOFRERME L BERE CAWEZRBILF—L
T5. H43ICRET DMEAR v 7 OBKKEZ R, BRABOERII10mm, & IiX8
YEBREDOI62mm L D /NS VMM TH D, BERAD v TV 7T 4 A7 OEEE#E, 5E
252727 X 2 7 E8% (7900UCDB/GNDP2, NTN#XAH) #HAWT, £ - 6l - EX
FEOEBZHET D, BEASITICEELET X T EM%E, BRI 7V V7T
AR DN 2 TGNV VBIDAR—Y 2RI, BRI TV TT 4 A7 - EEREARO
Xy v 7 E0S5SmmICHERFT 5. BRAA HIROBMBMILRTE & T 2 L3R EREICERE
LTBY, NERELEREOEKABH ORI +HH/NESWVWEEZ, =RFVHIRICLS
B IEIER L7220,

JRESL/min, HFE750mmHg (99.8kPa) # EH CREFMFEETIMEIIRWNEE X, EK
NI REEREOE—F L V&Y, NEODCT T vV RAE—4% (EC 45flat 50Watt
339285, E#& V7 1 0.097Nm, EimEEREK : 6,710rpm, Maxson Motor AG) ZfERT 5.
BHRSONU 7RI, T2 20HAT 5D, BFmIOEEZR T BT 1 v
RIS, WEETT — Ry 7 BOBRE 3, BRENERICR L T4 DR BIC
CChifE Lz v P ARAFICEEL, v—4&) U JTllmad s —r vy heT5. u—&gk
VU2, EERARRAVARE L bEMAESENITE I EARS THERD, H
EEREEOM AT TES. BV HADX, YAMEM~OBETEL, RQ.DEHWVS.
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pump head

Displacement/ Screw /
sensor
Sensor holder

Electromagnet

84

Magnetic
coupling disk

Angular bearing

Coupling

Fig. 4.8 Configuration of the proposed MagLev centrifugal blood pump for extracorporeal

circulation without a permanent magnet in the disposable pump head

4. 4 R #%

X491z, FAEEH M THREWERR Y 7OEREZ AT, M ILOBEA 6, BEA=T,
B—ABIUHRL v 7Y IT 4 27 08D 7 ixfligk (SUYB-1) TREL, BhEED
tm,ﬁéwmwﬁ%%:v&ﬁ%y%%ﬁbt.%WE@34Wﬁ,%ﬁ0%m®ﬁ%
21108 LTEIELE. BRIy TV v I T A7 O8Y T EXABAY 71, A
RELBEICIEMMERT L ADENTEE & KA L. 7228, KA OFEE 5w EdE
THI LWL »T, WG CII200NEE OB BPEARMIZEH< Z L 2R LZOT,

J o ISR AR A A A L TREE L.

AR RPEIBRCTRELERBLMIOFETEYELE. £EL, v—22FAT 515
A, RYI—FRA PEEEZFERLE. SEIZo—ZICKABAEERA LW,
o—42gY 7, BLO, KR I—FxRA FEIEMRE & biIZ, BEPEbEZERTHILE
Bighote., Fi, RRANUIDUITRRy Iy IRy, MBS EMTIHSIES

i=[111}
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T, ERBBIZHNONTHWERY I—REA Mg CREL 7.

74— F23y ZHIEMCAWBEM T, RY =—FT A 2 FBEROE YRS
ICEE L. RTHARDOT 4 AMEEERTHN VO TR, BREROFENT 2T L3
v (A2017) CRUEL, BHEEDT-DHEAT L~ PAEBZK L. VR TR T~y F
%, BRBBOBEAIT LOEBENIL-TEETIA, X6ICHFMELECZRT -
Ry T~y FBEBIEBOY A BEEICAVWS. RPNy RHEDL2EDOKE X3,
&G I0mm, FHmE10ImmTHD. 28, A TABEEROBIHIZLY, RoT~y Fd
B3 ZFIZ200NLL ERUNETH 2 BT L 0B O TS, £2C, FAI0EFRT LD
W, DAYESIRDI LTRSS T~y FETFTHLHLEY, 10001BEDHTEY T~
v RO S 2 AR A pr R RS I Z iR T T

Coil: $0.4 x 110 turns
v G

(e) Components of a disposable pump head
: ¢110 |

(3 | f) Propoed MagLev centrifugal blood pump
(d) Reusable unit without housing without a permanent magnet in the rotor

Fig. 4.9 Photographs of the parts and an assembled prototype pump
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Pump head

Roller

Fig. 4.10 Detachment mechanism for a disposable pump head

4. 5 WHRFLER

RAEMLR > T DA R T HRE EEREZAT S . SR, K34i2H0C, #REL=v
ha—F5HANWRWBAERKRTHD. T, TTANRTA=FLLT, a4 DA ¥
7 5 o ALEHPRIZLCR A — & CRIE LI, A o RTEEMEBERBECIERITIRY
B ERBEOREZOM, £ L TARIMEK LBt - NERKIIBEMTOBREMNVS.
SR EM Y DOFRABRIMIZ00umiIZ T, 40% 7V £ Y U AKBEZ A LUEREC2 b —Lss
T A4 Z U CBMREF EERL D, SIESALEL, JEEME LTS LR TE
Ridofe. FIT, RhANY TP TOREZI00umEM L7 H 0% FRIEL, AR
#200um & LICRIBECEE L RRZE1T o7, TORE, H411IZRT L o, a—F N
DA OX 6 OMBEESH, 45°DEEATEICAET A & 12, JEHEANZE LB WEETH -

o

s

Electromagnet

Rotor Magnetic coupling disk

Fig. 4.11 Definition of the rotational angle § of the rotor
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BERFE L UREECRBBISEZRIE L, BINETNVDONRT A —FRELZIT > HER,
RI20HER B/, ZOFTNANRTA—FERKIZ, av bu—F&EI£21TV, RA3IR
Ty ho—ARFTRA—FERELE. Z0ar bo—F %, HERM200umizE
TIFLERE 1T LT A, HARIRT L O LEBRKEZE ESARETH- 128, BiASIZ L
o> CHL, KR, RBFLEL, FEMFELEZROZ LB TE Do .

Table 4.2 Identified model parameters in 40% glycerol water

9.00 mH

2.66 Q

0.80 kg

L
R
M
&

150 Ns/m

X

-112.8 kN/m

K
Ki

9.40 N/A

Table 4.3 Control parameters in 40% glycerol water

Al 2.34x10°
A0 2.15x10°
B2 7.75%10°
Bl 6.07%10°
' BO 1.13x10"
p -565 rad/s
Kzars 1.0x10°
K;. © 10
300 :
L —> Control start — X direction |
2004 ——Y direction
£ i :
2 100 !
5 :
g 0 :
@ [
S 400l i
O 00f ‘!
3095 0.2 0.4 06 0.8 1.0

Time s

Fig. 4.12 Impeller displacement in 40% glycerol water at the beginning of the control
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4. 6 FWIETIL
HREEARZERDFEERE LT, flEANROETTNACEBEL EFTNART A — 4 DREER
EZBEZOND. EREOREMEL 2 bo—FREFHIAWEEFVICRERS S &L, B
X U7oAr @i icl Sy, BERBARRERLTLES. ¥, HlEBEIEKT S
BRERRESIC MG EDNA TV AR, BEROFZENET MBI TR, ik,
a2 — & EEASI, BMRUFLEOREENKELTOHEIEND, TEFABLVFD/NRT A—
4 DIERARENREBEX bND. £ TAE T, ZhbORBIZHOVWTRNT 5.

4. 6. 1 BEROFE
ERORBNRKEVEE, BRHAICEIT 2BEV(s)D O HBHI6) £ TOMERM: 41
KEBNRTETFT ML TE 2V, 41312, BENs)D 5 B Is)E T 0B W2 0 E i
EVIalb—=valBRERYT. Uz b—a L RWEAS »F Y 52 RLEEBRRIE,
FA2UTTITHD. F4 2, MBELIZEENRELTEY, WERNERTE 220,
Eio, BREAIZOHET 2 WIRKs) & EBBR d(s)F TOEIERL, & RE LT,
LL, MERSEHCERVESR, 1) As)E TOEEREIC L A R A0 L
BRELTHDAREERSHS. £2C, BRBEHAOY—F 2L (HE90.25mm, #Hx
#s) WA ANVAEEREL, 7T v 7 AA—% (Model 480, Lake Shore Cryotronics
Inc.) ZAWT, IP5A)E TOEEFEZME L. ZORRER4I4-T. EL,
BRIZT T v 7 AA—FOHNEEEZRAVTE Y, BABEEIEIT> T2y, BEROR
BIZE T, L) D) WA2BERTRL, FA L RMMEMNE L TWD D & 2B L.

-10

S -20f

£ F
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© -30r [~o— Experiment

i Simulation

_40 i i L M | '
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o

o

(5]

=]

@

(]
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@

10° 10' 107 10°
Frequency Hz

Fig. 4.13 Frequency response from voltage F(s) to current i(s)
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Fig. 4.14 Frequency response from voltage {(s) to current dXs)

4. 6. 2 [EEABICEELEZX, YAREBOTH

[44.15(Z "3 L H iz, n—FEEAIHBISDEHOMBICBWT, B—F BXEHBEICE
LLEBEEEBERD. ZOLE, a—¥ - FERH v 7Y 7F 0 27 BOMNH O %W BEE
EXENZB U CRPRICR D728, YHROBERES| HEMEINS. —F, K4.150)rRT
£ 91z, BEIEEAIPISOEEUANDIBEICB T o —Z NXFENIEMT S &, MEEOX
MBMRIEXENC B L CIERR E Y, YHRIOBEARSIAITREIN RN EE XTI

Y Electromagnet

Magnetic
coupling disk

(a) At 5=45°xn (n=0, 1, ...) (b) At 545°xn (n=0, 1, ...)

Fig. 4.15 Interference in the X and Y direction
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TR, EHRAICEA L TRKERAEL, X, YHOOESO FHERBAE L CWDEH
2HRT S, BB EORBEEXFRMDZIZAS LIRIET, ZHIXE)WE X3 5 2T
YD, BEU, XLMDURHIS)NHEMX(S)E TOERE L. #RLMK4161277.
FRONT 12y MESHEF, T2y MISAIMEHEDIBETHS. A%, YHMIZILE
B A AN L CORWDTC, Yis)XEHI0dBEA T 2B+ 21 CH 528, mMEkiciy
T, 0B%Z k-7, bbb, X, YHINOEELZTFHBRLECTEY, YHRBIRE L
WHEEZBND. Fi, Y)X)B0ABE BZ 5 BB LM, X)Us)DFIRME L > 2 =
L= a VICREBAE L TWAR, X, YHROEBOTFHNRERE %X 6h5. i,
V3alb—valrTit, BI2DMTFA—FM, C, K, KEBWTWS, E6i2, a—2
[EliR M SH /R D e, FHORESHRRDZLPMABTES. BMAELSAZERLE
Rk, LA EDEERE X, YEROEBMO TFELDI6DTHLEEZONS. TR
i Tk, WEROMEI AT, ZEBESE L - EEMERRO 'R 2 H i

-80

'1 00 o 6=0°

-110 5=34°
-120 |—— Simulation
.1 30 A A A A

P | i A U TR W |

Gain Y(s)/IX(s) dB  Gain X{s)/l(s) dB

"20.' ri .. . . I R | " L L R L Y AN |
10' 10°
Frequency Hz

Fig. 4.16 Frequency response of X{(s)//(s) and ¥Y(s)/X(s)

4. 7 H.HE0ER
BERDGRIHEC AT AR BIL, L BROGEWICELEIETHS. L LR
5, X, YHARO®BHO FHICRLTiE, THBEEZ2ZEELEETNMENLET, ZnEEE
Licarybo—J@HNRS8ERD. E6IC, ARMEETIE, FHOKE XDEHEMAICK
FLTWHY, BECERAICKT ZHEESZ R, HAEHEKOBRIEE= Y b e
— TINAEIBN G MU THRER ZRERT 5 L D CRE LBE T, BEMmA
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ERLELEEREEMLLCLED. 20k, BEA2ERE LEEF L, £, %
NEZELEaL bo—SRARVETHIN, HETLIT) XARNEHRE. 22T
AETIE, BERRLTBCLoTHIBREDT T MEBEREL TNEHEAETSH, BEL
FRERE EBRIES N B 1 AR MR E, HMES Pl X o TEBRT 3.

4. 7. 1 ETNMERELEHBHRORTE

K417, HAlHZEH LG E0 7 0y 7 RETRT. PE)EHENEEZET L
AREEET, AHEFAL LRSS, —F, POREBORENS, T2bbEHENET
HB5. BDHETIVP(s) & BRI BRP()DRRZEANE, P L CIHFNCEF SN D LIRE
T5. 2B, BEEMEIEGESLIPY, n—&EEANCKET SREEKET5. H
FERITREEMRH CEAOND. £, EFENRVATLAOHXS) (TRbbA v
NI Epx) Ry T 5.

IERBBIAADH N EEa, ANERPERE, ahrbbETDVRT LOMAN—TRER
BET(HET DL, HEY AT MEIRATOERO X 51035, HAGERNAKHTS >k
P ERELTDHEER, THDBEETHS. MENBBMbEELZERSE, XE—LF
A FEBPEY, kA& T & EFERRPOREEL 2D,

|7, -4, <1 @1
| FllotdHy, / b2 E PRI, BEBFEOBRRKOFEMEEZERT. FICFOPIANIEAV AT
LDOBE, | FlodIBEEREDOT A L OEREICHEE L, RADITKRANLEMTHS.
IT.(jo)|-|Ad(jw) <1 Ve (4.2)

True plant P(s)

I T e e ]

> 44

Electro-

magnet Impeller

=
_|_
7+
~
[
b
g

I
}
1
1
]
1
1
H
I Nominal plant P¢s)
t
1
1
1
L}
]
1
1
]

Ms*+Cs+K
__________________ =i T(s)

H. compensator

Fig. 417 Block diagram of the magnetic bearing system with H., compensator
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ZIT, HowpHu—FEEEASICKIT S INENEEIAACH LT

Ao <Pa(jo) Vo (4.3)
EIeTRENST O~ (GRBORE > HFORE) REABEW()ERETS. 20
E&, WA IOBE, REDBWRT 0T, EREXRPO)IIRENLT 5.

T, ()| - P, o)) <1 &[T, (jo)| < (4.4)

1
ﬁ%ﬂﬁzﬁi_vw
TROLERBOHMETIE, ) &% T T bPe)EZELL, i) RUHEFHRTH L DI
T()ENV—TEBET 5 & 57, HAESRE R 2MEICRESND. 7

I UDITIMEREBEIA4E =T ML L, @32t ERBEEV()ERETE. AE—
WA ERIBOE TIIANTEOE R TE TR TR 572000, HAEOBRE, A7 T v
k P(s) & ERIER S P D AR EBDBEHE B ED B2 E, MBPTFRETHEROEE
PRONDZEBMLENTNE. 22T, MPRAXTERES LEETS.

_ Ey(O)S+E(S)s

(Ls + R)Y(Ms® +Cs + K,)
7elZL, E, Ejin—ZEERASOBEETHY, ZOMOFREIIATHT T hPe)LR—&
T5. Z0LE, HA1TOERPSHLNRE 5, AWT T v MP(s) & EFIERIERP(s) (
=P(s)tA4) D RHIF—& 7250 T, REEBOMEE LR CTHS.

B14.1812, T b, TROLEBAEBENS)P DA X7 BAX(S)E TORREILE D
BIEEL, AHT T2 bPE)B L VPE=PEHAAD Y I 2 b— a VERETRT. I b
DREPEEREMEE, v—FEEEASIS LT LTEY, BAEERTAKT T b
PO EDEBENKELI2oTWAD. PEHAAD Y R = L— a3 VREEIE, BEICERT S
— 7 BEROEEE CREALEE (Pe)tdd) , BLEARTRNEES (P@)tad,) , ©
LTE—7 BB EE (Pl)+ad;) 2T, £, SBECBTBHE, E x4l
R, OO R4 R U E . SRR\ C RRIE L B b B
DD, MOMIZ L >TH A DOERE— FRMMEOBEMITE —& L.

KT, 0MERVTREAD)EHETEHBEWORRET 5. RTHBROME,
WAHIEKI & LTe.

4.5)

W, =04x107" (s+1) (4.6)
5x10 s +1

TOLE, FAUOREBISEITRA4I19E 2, SRWEEERICBV T A < W) EHT
LT3,
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Gain dB

Phase degree

-90F 5=11°]
-100f 3=22°
-110F 5=34° .
120k 5=45° - (Experiment)
-130F 5=680
-140F , 5 5=79°‘
-150 : P(s) (Simulation)
Of —— P(s)+4A, (Simulation)
-90} 4 — P(s)+4A, (Simulation)
180|— —— P(s)+4A, (Simulation)
270}
-360} _
10’ 107 10°
Frequency Hz
Fig. 4.18 Frequency response of the plant (X(s)/V(s))
Table 4.4 Parameter of A4
E; E;
AA, 04 x 10" <1,0% 10°*
A4, 0.7 x10° 1.0 x 107 )
Ad; 0.8x10” 0.2 x 107
-100
-110
o -120
& =120F
] L
-140
-160

Frequency Hz

Fig. 4.19 Simulated frequency response of A4 and W,
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ZBWT, MENESMEELEBRW,()TEERZ, RaTUVRET LR

KESRZOND.

Eh, UVELRDESZw, 275,

VAT ATHEH.,

HEBRAHOBICUEMICHVWLh, —f(ET T b EEERS. E42000)1F, INEEZERH

RETCRLE

BEeThHA.

General plant T

------------------------------ -

Weight function

2 Wo(s)

Nominal plant P(s)

Electro-

magnet

Impeller

W

Weight function W,

(a) In the Frequency domain

H_ compensator

General plant 7

ia=Aafxa+Ba('“)
z =Caxa+Da(_u)

Nominal plant P

| X,=A,x,+B,(-u)

yP=Cpxp+Dp('“)

ié‘ 3 Acxc+ ch

(b) In the time domain (state-space presentation)

Fig. 4.20 Block diagram of the general plant T

u=Cx,
H,, compensator
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K(4.6) TR &N B EHEEW()DORBEMKZRO—> HAER) 11, wkeies.

X, = AgX, +B,(-u). =-200x, +3.13x 107 (~u)

o s 4.7
z=C,x, +D,(-u) =-0.51x10""x, +0.80 x107"(—u)
Fiz, AHRT T FPDORBERBRHRIINQ.S), ROLVKNTEES.
0 1 0
Xp,=A,x,+B,(-u) =|-K,/M -C/M K,/M X, +[0 0 1/L](-uw)
0 0 -R/L
Yp=Cpx,+Dy(-u) =[1 0 O,
4.8)

EEL, 27050 Thd. ULy, H4200—BL7T v FIZRRO L 512725,

. Aa 0 X, 0 —Ba
X=Ax+Byw+Bu = +| w+ U
0 A, lx, 0 -B,

X
z=C;x+Dju =[C, o[x"} D,u (4.9)
b

y=Cyx+Dyw =[0 C ]i:zj w
D,'D=1 (BLALIFH)) , DD, =10 & X, whrbzE TOREBBOH, VA, Thbb
TG W) DEEKREE v B &, DT TV bPe)ERENT DHMERDHFET DT
SSEAEIE, RO D) - i) 2T RETE#EP, QBEETHZ L THD.
i) Uy FREFRX

P(A-B,D,/C)+(A-B,D,C)TP

(4.10)
+P{—717B1B1T - BszTjP +¢,T@-pp,")C, =0
B LD, A-B,D, Cp+ [—lz—BlBlT - B232T)P PEERETHS.
¥
i) Uy FREGEX
(A-B,D,"C,)Q+Q(A-B,D, ;)"
@.11)

Q[ c’c -¢, C2JQ+31(I D,’D,)B," =0

BRI LD, A- BDZTCZ+Q( cfc -c, cszWﬁﬁ:&zz'ﬁzfﬁé
y’

iii) PQOD B KEH B A PQ)OIR K E T /27
Jnax (PQ) =77 (4.12)
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R 1) —iii) 22 TP, QBTFEET B & &, HMESROBITINI TR TERYS.

A, = A+B2F+L2B1B1TP+ZH(C2 +L2D231TP)
y 4
B, =-ZH (4.13)
C,=F
=L,

F=-B,"P+D,’C)
H=-(QC,” +B,D,") (4.14)

-1
Z=(I——17QP]
7
LT 5. AEORIEROEE, DI'D = (-D)(-Dy) = (0.80x10°) £ ITH DA, y = y/
0.80x10°) & L, R@4.9HYDzizBE 5 HFRA%

C X D
z'= ’1x+Diu=[——“—5 O:l “ -———u (4.15)
0.80 x10™ Xp| 0.80x10”

LEXH L, RA.100~A.14)Dy, C, DICEFNFhy, O, D ERATIIZIND,

TGN W) DEBRIERy T D DT, y< HZBWT i) iR L &, H(4.4) %
T HAAERNE SN, BEALNATWATILIY XA Ty OR/MEZEERD 5
ZEIEITERVDT, 7, p2BEERREICREL, i)-ii) WS e<R2dETHRL
Wy /NE LCEHERBVIRT, MM ZL—a D0 ST RERAV LR S,

AR CiX, ®IRHFEAHCAD (MatLab R2007a Robust Control Tool Box, The
Mathworks Inc.) ZHWNWT)M ZL—a VEEBLIZE A, y=0994L 720, y<1&fEk
THLAREBRBEE L. 2L, yBUERICELS, REBODSHIBERFF LT bR
Mol ZOLEDzy hu—nN_F 2 —F 2RI T.

~7.06x10° -7.07x10*  —294  -1.47x10?
0 ~5.86x10 0 1.00
A= 7 8 4 5
—2.44x107 —252x10% —1.07x10* -5.23x10
0 ~3.10x10* 1.18x10} -1.88x10?
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