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Electromagnetic Levitation for Flexible Steel Plate Using Magnetic Field
from Horizontal Direction (Experimental Investigation on Control System
Considering Two-degree-of-freedom Model)
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In the manufacturing process for flexible steel plates used for household electrical appliances and automobile
bodies, surface treatment is performed followed by contact conveyance using rollers. During this process, the surface
quality of the flexible steel plate deteriorates due to friction with the rollers. As a solution, a non-contact gripping and
transport method using magnetic levitation technology has been proposed to improve the surface quality. The method
of levitating the flexible steel plate is proposed by placing electromagnets at the edges of the plate. Conventional
control models consider only horizontal directions of motion, and experiments with this model have shown that it is
possible to levitate these plates. However, it was difficult to suppress the vibration amplitude in the vertical direction,
which was not considered. In this paper, we propose a new model that also takes vertical motion into account.
Furthermore, the levitation characteristics of the conventional system and the proposed system under different
experimental conditions are compared and discussed.
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Fig.2 Placement of electromagnets and eddy type current sensors.

LR LESED Z ENFREE 725 TND 9,

PEROFIETIE, oA EMT 5720l DAL E S
TERAAZIY, B a7 mSHWDIVTE Y, Zalkeiia ERia i
\IWB9 5 X D 7 ) EFESE D, TDT8, FHERERDT= b
P 2087 & BEICHAT D3R A SE 5 Z LV ARe L
Tpo TS D, RO X9\ IR A Ao L7 ik & b
5 EAEITK LU 6 <RGN THLIFNHRT LTS
HOD, FHREWROVA 23V IE L, JES 03mm LLTOBAITE
FEEEHZ ENARETH D, FRIFAREMOIE XA 0.1 mm LU T
DT BB A A RIS 5 &, AR MERIME T 5
7o, TobBBREL 78D EWIERENH D, ZDT=8, FHEOE
WA TS )& A S8 D L B OLEENH LT 5 2 L3
2 OIS, EZTEE I, A O/ NS OWFARERR A
Gl Uiy VARSI VAT AR LTSS,

CIVETICT » VIRPIRETTE L AT D CTHW BT
AT AT, B A TRE LT AP TN OISR EmR S
HE D LGE LIz 1 HEREET A OIREEE T V2R L,
Sl AR X T A T > TU V=, ZOffES 2T 2 A
T, B2 2 SITHERSIVTIND S, PSR AR U2 M
EOHNELUTR U TR EENE RO Z EBNREECH D Z L0vE
BB 9. FTARIGE T, SNLVE L DGAIZ W T HIE R
DHEFT D 2 LN TE DY AT DA H7201, Sk ia®
JEL722 HEEET VAR L.

ARRICIE, fERICIERES QO | BHEEEET VE 2 HEE

El /L (& T 1
Eddy c@
type sensor
—
5 mm!

L [ ]
magnet
Steel plate

Fig.3 Sensing and control methods for edge-supported type magnetic

Resistances

levitation system.

TP, SERTEIR I 2 2 LS R BROTE LS
DU TRREAT S

2. RPMREANRE LERATF LR TLEGIE

2.1 Ty UHFRRSE LR T L

RSN TWDRERE L2 AT L% Fig 1 |IORT. ZOR&R L
AT LT, FAHEROR T IR ER A AR E T .
AR 2 o9 okt J O ITENE L TRV, At 4 OER
AER AT DCITFHNTND. [T EAICE E o7 =
FA ML, B 0.5 mm OFEE 1005 [EER - =1 L
ZHD FHFTAE L 72 QD e, Bl OBCE X5 TR
BT, IR, RV ERE G F75 2 & ANER
SNTWD, WU HEEEDIEm G R Ta7 RN EBERD 59
(AL L7 10, Z ORI CERATTT 2 & C, Falkditro=
o D D BRI D FICRB I &R S, 3 EE
FHTDH 2 ESFREE o TS, TR EBROZEE Y, BT
11400 mm, TS5 100 mm, JES 024 mm, FE SS400 OO
A A L QN A, Fig 2 IR AT A G U728k
oz OfdE R R, B ORCEN, BRETR L OEIRE
INEE N T2 D BAIGIRTIZ L 0, FERER D 7= oA b /)s
ELRDAE L LTCNDT20, T2MT L DRI OB 15
JELZRNHOE Lz . Fig 3 [IAESIE Lo AT L OISR A7~
I BEREAO EENTE, FARERR DT DD EREA RO
SO RIET D LY EENE LD, ACEHTAIOHEE
1%, KEYENCE #H#L—Fe P AERLTRBY, mikor—
PHOBN R CERL AT B e 2 HNTW D, KSR
IRAT, VT AT E LTZEA2AIE L OV 5, SBREA LS
TSR OSNE T OZAEHIN I T 7+
Y ERND. ZOFMEST AR SN D B & EA DY
SIJ1A320 B DLl TR & LT ShiE 2R 2 JIE LT 5.
FOBRICHTN D BT, ERAICESTC 1 Q OFNTH A B
L, ZO8FRIEE SEH LTS, JIIE L7257 & mIgE L,
T NI TN T ry (DSP) 1A LTS, iELTE
PN HHEAF L, FHIEAT S, IE LI, aE, &)
DEMAIAIIT 2BEA R 5.
2.2 | BEHEETIVEER LIS R T L

BERITIRR SNTHEY AT AOFTT /W% Fig 4@\ 7. A

68 Transaction of the Magnetics Society of Japan (Special Issues) Vol.8, No.1, 2024



Electroma et

Electroa gnet |fas

Flexible steel plate

(b) Two degree of freedom model
Fig.4 Model of magnetic levitation.

BUZRNT, ACESmZ X i, $hEME Z Fme Uiz, 2o
| HEEET VT, FE3 5 2 AONGE3Z28eed, KA

(COZERT 2 LAE L TET/MEEAToT2. 2 @%Mfﬁﬂyx—?A
T, TRV U 2 B & BREAIC R D T 7 T 4

TITHEH L CERY, $MEFMOIER L/ > 7 _ﬁ%lhﬁﬂé‘}ﬁ IR
TLEIRS TS, LT D SRS, 2 TN LR & 7
STHEY, FaREETE e X 9 IR L QWD 720, 51
WA, & LTS, H777 A SR S DI 3T H & &

AT D FINE | 1 J8E S D MEN B 5128, ERHIREE
Z A FIIS 5.
AU AR o DV TRRIE LTz 2 (EODEBEREA)ND R CE et

ZFIN LTI AT DR N k> T, ket H i &
DONEV, FEADBRATH D TEDREEE T D s
HET 5. ZZbORVHROEN A x L L, EREER
1), ), KA :ﬁubéﬁ%ﬁﬁ%ﬁ%lﬁ%ﬁ@) AR R (@),
OWIRT. HT=, BREGOWRS IR EEF > QD T20, T
MO s O 24T 7

mX = fr—fL=fx M
4F 4F, .
fx=X0x+ Io Ly 2)
 Lyess " I3
= ®
dix _ Lxeff IO . R i+ 1
at Ly X2 LT L @
Lyest
Ly =—— = + Lyjea )

Xo
ZIC, Lot : HRIZIOT DR A NOFEA X T H A
[Hem], L : A 7 B RIS T DR [H], Ly : PR
BT DERAT A NDEA 7 # A [H], 10 FHIRS 1%
ﬁ%ét@@fﬁ%‘%m [A], i : EHE B DB 7= DRt
[A], R : HEREA A VOREUE [Q), er : EH LA 5 DZH)
palte &;hérﬁr A [V], Xo @ AL _jﬂo T B R ERI L

Eq & Magnetic )ZC

levitation system

;V

Uu, =e

Fl l

Fig.5 Block diagram of one-degree-of-freedom model.

& Ok [m], THD. 61, FEEHTL L, 6L
TRRIEZEE T UDME BN,

xl =A1X1+Blel (6)

x1=[x x iI”
7ok, A6)D | BHEET VEABE LG AT 2070 v 7
X% Fig. 5 \ORT. ZOTT VTR DOERANEFEIZE
BT Eo | H Ui A a5 2 & THlEd 5 A7 A
Lo TN,
2.3 2 BEHEETIVEER LI R T L

2 D HICIRR LTI AT AOBA, [ EAFBTH 2 L
TE, HEHROTER AT 5 Z LR AREL 7eoTND Z &3
MEATECND. LInLah D, RG> iz ks cx s
% T DmE0 S 5. TOFK E LT, SAEFIICAE U520
L TR0, RERRIEAINZ D 2 LN TE RN &35S
bND. FZ TR 4bWTRTET LD L HITAESLENTNZ, #
EHOERZEE LT 2 HRETTIVERET S, BaD
f@kﬁﬂ*ﬁ I WS 91E E Bl a7 o Al E LTS

, X HIE Z NS5 2 ERTFHEL 72> TD.

ZVK/XTA'C 1L, RO AT N E[RRRIZ, B A BRI
Tt LIRS AET 2 RS l77 L& o TONE D iR b OTE
BEEEL, BALEIT). ZZ0BACEROENE x, $AES
MO A z & LT\, 2&%711/ R DEMA DN
HEIR DT o A F COMBERZLT), T COs111%28),
HEIFEAAE9), (10), Z HFBLOX HFlcFiE3 2
REA()E12), 1 &7 2 2R3N

ry= /Xg + 73 U]

Legel}
Fo= ®)
2r3
dz ) Fy 3FyZ3 2FyZ, .
dt - I‘om Fgm Folom L2 (9)
dx _( Fy 3FyX} 2F X, .
dt - rom ['gm rolom x (10)
di, R . 2Zglegly e e, er
dt - LO l; L0F03 LO LO (11)
dix _ R . ZXOLeffIO . e, er
at L™ LoTy3 L L 12
Legt
Ly = ; + Liea (13)

Transaction of the Magnetics Society of Japan (Special Issues) Vol.8, No.1, 2024 69



£ »sfe>

Eo Magnetic i‘ :E >
levitation system |-“—@ »

iy >

Fig. 6 Block diagram of two-degree-of-fieedom model.

2T, T HRRICIST DR L Dtk E COZNL [m],
Zo : VHRUCIS T 2 FERA HL s S SRBRGR T & COOSRTE T 2SN
[m], Ler: TR AT 283V D EERSAT A VDA 2 H 7 2 A[Hem,
er : BB A MM D E LN HEBHFYN TS
EIEEV], ev : ZZOBERA A M2 EFEEN BBy
ZHRY T B EEEV]I TH 5. R(6)(12)ZFHE L TRz T /v
IZ L2 b D& (14T

X‘Z = AzXz + Bzuz (14)

x,=[z z x x i, i,T

Uy = [eL eR]T

7285, R(14)D 2 HHEEET N EZE LI AT 2071y 7
X% Fig. 6 (T

ATy, 26 1 HRETT L X140 2 HRETT LZ
NZENEERSE 2 CEBREIT-72.

3. EEERISHLEZLRBICRIEZIZE

1 BEERLBELREOBRR

AT B AT WZRBNC, FARR O A HERFT 5729
I, SRR BE LDV A O FIING ) AL SEDMENR D
5. DI, EBAADIA L, TR %S
VISTAHRERIR OO SSOFRERR AN T D08, BRI EDOKR
TECEVBET D 2. EFEERAELS T L TRIBAEL
IRBT18, TRl 5 Z EMAREIZ/e D 2 BB LS.
LU B, RIS L OB, A /MIBSEA L,
LTE LT3 R RIE T2 38 2 6d. ET0TTRIC
BT, FRROFIH AT LEEH L, EFEREAZ C S5 E,
BT R B LT Z EAVRENTND 2, 20720, 1 H
HEET VIO 2 HHREET /L CIER LTZHfEl 27 L4
L, EW a2 ST E O ERECOWTHIR T 2.
3.2 MRBLRRBRICK R LREOFE

Al AT A TERE LT ER BN 08~12A & L7z, 08A
PUFOBAIZIY, SSRIVIEL, R 5 2 E3REEChH Y, Fiz
12 A YOGS CIEA03 70l R HERFCE 72 72728, FRid
FPHCIEEBREIT ). FIAWKIE LY AT KO D RO
WREARRITEIIE, 0~30V & L, &iHEBx HEIENEH S
LA b WO ETEE AT 00 & Lz,

ABFTCTHNWD 7 4 — RNy 7 54 CORTE, ol &

T 0.3
)
‘g 0.1
=
(]
2 -0.1
&
S 03
0 1 2 3 4 5
Time [s]
(@) One degree of freedom model

e
w

o
—
T

o
w

Displacement [mm]
IS

(e}
[\
w
N
[}

Time [s]

(b) Two degree of freedom model
Fig.7 Time histories of horizontal displacement.

—_ [\
T

1
—
T

'
[\

Displacement [mm]
(=]

Time [s]

(@) One degree of freedom model

Displacement [mm]
S

Time [s]

(b) Two degree of freedom model
Fig.8 Time histories of vertical displacement.

FAWTEIE T2, LW S, P B, v &0 2 ATy
ED/RT A—H [ IEHBI I > TS, TDT20, Tiisd s
LG, SERERCIOWLLE, ZENER LY 4 — Ry s s
AV E TR U, ZORBROLEERFETTT 5 20
T A= RN I A VERE L. ENENORMT, 5 R0OFER
ZATV, B & O HitA 7.5, TS50 &SN HIR0ZE
PR L ONHEE NV CIIRANC R HRHEORHIEZA 75 . AE
BRCHINZ 7 ot — Ry 7 474 L OFECIE, MathWorks #15

70 Transaction of the Magnetics Society of Japan (Special Issues) Vol.8, No.1, 2024



£ 03
g
é g 0.25
=& 02
o ~—
g8 015
= § 0.1
5=
o
5 _g 0.05
3 0
g 08 09 10 11 12
wn
Steady current [A]

(@) One degree of freedom model
£ 03
S
= =025 |
S E
& E 02t
g go.ls -
£8 01
B2
3 go.os - .
§ 0
s 08 09 10 1.1 12
wn

Steady current [A]
(b) Two degree of freedom model
Fig.9 Average of standard deviation of horizontal displacement x for
each steady current.

Standard deviation of vertical

0
08 09 1.0 1.1 12
Steady current [A]
(@) One degree of freedom model
E 1
S &
=06
25
EE04
58
° ”% 02 F
S|
T0
n 08 09 10 1.1 12
Steady current [A]
(b) Two degree of freedom model
Fig. 10 Average of standard deviation of vertical displacement z for each

steady current.

MATLAB (25115 lqid BEEE VTR0, o) v ZiEE
0.001 F& LT%.

60
50
40 +
30
20
10 |

Power consumption [W]

08 09 1 1.1 12
Steady current [A]

(@) One degree of freedom model

50

40
30
20 |
0

08 09 10 11 12

Power consumption [W]

Steady current [A]
(b) Two degree of freedom model

Fig. 11 Average of power consumption for each steady current.

4. EEERHOEERTLICRITTE

TR OFTAREMRN IV T D AT MO AENIAE 4 Fig. 7,
SNETEOZENIFARRIIF % Fig. 8 |~ BEAEIE T, milX
EbiZ@%E 1 BREET L, (b))% 2 HHREET V& LIZBEORE:
ZRLTCNWD, 22T —BlE L CERERE 10A & LTBRORE
BERLTCND. 22 ORLUTCO DML, sz e L
U= E LTHRY, SAEATA CHIUTERANEIZ 2D 1F &
Wi D5~ KSR CHIUTEIZMA D 1 E Fig 1128
UNCHRIFARIN 2SN LTS, IR ORESE: BT, 15 Bhod
SR LAREMRIBOR & & ZATUE R CRIANTT 5 2 & 2k &
2o CND D, ZD72h, ARREHIRWTE, KAl A7 A THE
BRAA T T2BE AT DAVIZENELRS L OVK ST Al DN A%
YelzEa Bt L, FHME1T ). $ERERT & O koo
CRHUBEAT D 720018, 1 DO EFS Cfbivi=42 25 [Byd
T A POEINENOEERZAEZ R L, SR D, £
FeiE ) bRk Tk CEA A R LA AT 5.

Fig. 9, Fig. 10 (& & EIS I CR HAVZERE 72 LUK
SN RS A~ 9. ZHORIE, @)1 A
FEETIL, (b)2 HHEET NV TORRERL TS, | BHEET
MDY, KT AR A IEH R 1.0A LA EET 5
ERE DT D Z LAVRENT. FIENE A2 A E
WERERERE <3212 LiaS > CRRE MO ZSA =R ) ]
ENAH T EAVRENIZ. WIZ 2 BHEET VOYE, 2 TOER
AT 1 BREET VAR L Y SR ROEEHER
ZEDVINE L, ZAREIRR DTS ~DIEEh A Sz, Ee,
TEFR IS & DACEH NI ERADOZMRF L A RN L
HaShTe. & U TERE MO RE LEHERIC L 5T

Transaction of the Magnetics Society of Japan (Special Issues) Vol.8, No.1, 2024 71



L, ERER1LOAIZ TN 72oT-. LInLAaRs, Wit
DEFEMSCBANTY 1 ABREET VR X 0 20
FENKRE L, FEREBON L0 K& HREH L QWA Z EavREhT-.
FATHITECIE, Falliiita x5 & LRz By AT AT
FrIERABIZ I TN R N SO SIS &
MBI FHERRENZ LR L TRY B, AR iR L
FEEHU IV TN R DY N SN T S OSFTAOSLICH L
TRE LTI LR CE D 2 L g 8B bND. KEHM
AL LTS, FRETEIERIC ZIEM I M NELE LT 523, 2 |
HEEET VA LTI e D L 5 esMiLicst L CRE L
T EZHERFCX 5 2 EAVRENT. % LT, $AE MO ZNAEAE
AT 1 HHEETVEARL D HRE L, SRESFAA~DINELIRT
LT EREMEDNDT D Z EovrEniz. Fig 11 (3K EFE
G\ CHlERGA 2 A L2 GRS CIHE SNVD TSI D
fEZR LT, Fig 11 blAkRIZ() 1| BEEET L, (b)2 BHE
ETVTORERE R L TN, REFERSIHACRANT 1 ABE
VRO TS 2 HEREET VIR E I, HEEDK
TN EQVRENT. Fo, 1 BHREET VIR CI3E R B 1.2
A OFEMERRE, ERERERETHI ETHAEIHREL
BT ENRENTL. FIUSKT LT, 2 BHREST VEHRAIIE
R LT EAT DMERE NI NSV EAvREh.
FATIGE TR EFLTND L S ITARFFE O] L= 3
WRTE Lo AT N CITE R A K E < 75 & IRHRIZIB
TR~ N30 2 K~ | AR5 10, Z Dk
I~ | 3G R DT oA a5 & 9123z 6L &
£ 51, Fig 9a), Fig. 10@) TRENTWHHE T 1 HEETT
JVARE I XE R A KX < T5 2 & CENATHERZEAYV & <
B EBZ BND. Fiz, ERTBOBERIIENE O 3
DIMWEZED D Z & LR VBV D 2 b EZ LS.
®UC 2 AREEET VBTR3NS R J N &
WHOD, ENEFIOINEEERAAT 1 BREET L EHARE
KTpoTVA. 2 AHEETT MI L VG LTIV AT AT S
T BRI RN TN EF BTG CH 2 A VETROEMER DY 025
ALLEERY, EEE L CRE IEBL Q0D ZIUTER
BRI CRIAL L QWD ARV AT Al 5 THEER KELT5
FR L7200, SNETOENAERAESER L & B2 Hhvd.
L L7235, 2 B BT LR BB 1234 CORE R
EIAIHZIRNTUREL 2o TR, SAEF ORI T
REL 2D HOD, BV HETES T EAAHERFT 5 2 L ANAlREIC
Te% T EDVRENT. DI, B OFREDMZ D, TV
(bR z A UIT < &, LE LT3 L2 FE X DR 28T
T ENARRICR D EEZ NG, £z, 2 HEREET/VEARIC
BV N CERELF IO 2N E 2 L H R 1.0 A LTI Tl b 3l
ENTEY, WHTDHEHET M X > Gl E R R
{322 EovREndz. AkThiut 1 BRETT ViR & FE
FRIZE R BB RIZ £ > TRIFOMIE K X < 72 V) AR
FENVINSL T2 D 2 EDMER S ND. L Laans s, AREEICRIT S
AT 2T 1209 A FHITLZI CRB DS g D IEEE A
FFoTWS 2. 2072, EEEEE 1.1 A PR CIIR A X
DIEIHENE L 0 HET U X D HIEERED B LD

IR ZIT TG EEZ B,
5. 8hYIc

ARIZETIE, Tk 65 L Uizt v ORI A
T LB TCHER D FEhon B2 ERESEA 2 L2 AN
L CHARER DSRIE 136 L OV A mIOIRE A filiE9-% 2 Al
JEETIUZOW TR LT, BHOERERNERD5AD 1 FH
JEETLVE 2 BHREET/VCHAREMROE S 024 mm & LISEA
DV RN TR AT o 12, TOREE, EHEIC L > TE
RIS D 2 EAVRENTZ. BHADENIZINT, 2 A
FEETNERHT 5 2 L1 K> KR MOENAERER SR L Ot
VB NI 9503, $hE T ROEERZEN L & OE B
WChH 1 BHEET VIO RELS 2D ERHLNE o7 &
72 1 BREET/VTIIERBROMAR L & bIHiEIpRE <
72573, 2 BHREET LV CILER B L ST WHEE Mz 720
DY EERMEFT 2 2 L SATRECH D Z LAVRE

AETIEL 2 BHREET VOFMEEZ R Z LN T L
L7 6, FHRERROO YA RAIEAVEE L LT, ke OR
BREEDEA L, RRTHRIRRONEIES) & o T8N AT S
YA e Ui B AR 32 2 L \NEH 70 D P TRelE S 8 5.
EDT=D, SHPNUTHT S 2 BHREET LD/ SR MEZH
BT Lo, X0 EBEIC I TLETE LS ATREZ I S 2 T
LOEEA BRL TN

BIEE AR ISPS B IP22K 14228 OB A2 1F7- 1, DT
D.

References

1) Y. Oshinoya, and K. Ishibashi: Zrans. Jpn. Soc. Mech. Eng.
Ser. C., 67, 2855 (2001).

2) H. Marumori, H. Yonezawa, T. Narita, H. Hideaki, and Y.
Oshinoya: 7rans. JSME, 81, 14-00471 (2015).

3) Y. Ito, Y. Oda, A. Shina, T. Narita, and H. Kato: 7 Magn. Soc.
Jpn. (Special Issues)., 4, 96 (2020).

4) M. Tada, H. Yonezawa, H. Marumori, T. Narita, and H. Kato:
J. Jpn. Soc. Appl. Electromagn. Mech., 25, 82 (2017).

5) Y. Ito, Y. Oda, T.Narita, and H. Kato: 7. Magn. Soc. Jpn.
(Special Issues)., 3, 95 (2019).

6) M. Kida, T. Suzuki, Y. Oda, T. Narita, H. Kato, and H.
Moriyama: 7 Magn. Soc. Jpn. (Special Issues)., 1, 76 (2017).
7) T. Narita, T. Kurihara, and H. Kato: Mech. Eng. J., 3, 15-

00376 (2016).

8) T. Narita, Y. Oda, Y. Ito, and H. Kato: Int. J. Appl
Electromagn. Mech., 64, 1191 (2020).

9) S. Onitsuka, K. Kawashima, S. Baba, A. Endo, J. Kuroda, D.
Uchino, K. Ogawa, K. Tkeda, T. Kato, T. Narita, and H. Kato:
T. Magn. Soc. Jpn. (Special Issues)., 7, 112 (2023).

10) T. Narita, Y. Ootuka, M. Ooshima, and Y. Oshinoya: Proc.
Jpn. Joint Auto. Cont. Conf., 57, 83 (2014).

11) T. Narita, Y. Oda, Y. Ito, K. Okuno, and H. Kato: Proc. 16th
Int. Conf New Actr., 16, 334 (2018).

12) A. Endo, S. Kayama, A. Shiina, M. N. Hakimi, K. Ogawa, K.
Ikeda, T. Kato, T. Narita, and H. Kato.: 7. Magn. Soc. Jpn.
(Special Issues)., 6, 87 (2022).

13) H. Marumori, H. Yonezawa, T. Narita, H. Kato, S. Hasegawa,
and Y. Oshinoya: J. Jpn. Soc. Appl. Electromagn. Mech., 23, 6
(2015).

2023510 A31 A 3238, 202443 A6BAREx

72 Transaction of the Magnetics Society of Japan (Special Issues) Vol.8, No.1, 2024





