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This paper presents a strategy and an algorithm for levitation control of an over-actuated passive
maglev tray system. The passive maglev tray system has more actuators than its degrees of
freedom. The actuators of the system are switching when the tray travels longitudinally.
Furthermore, the levitation forces of the actuators are non-homogeneous because the actuation
devices are not in the moving platform. These characteristics make a limit in using conventional
control approaches for levitation. For smooth actuator switching, the actuator force generation
should be dependent on longitudinal positions of the tray. To enable constant pose tracking, this
research introduces a control strategy and a control algorithm based on integral controllers on
virtual variables. The states of the tray are estimated using a Kalman filter and fed to the
proposed controller. The performances of the proposed control strategy and the algorithm are
validated through tests.
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(a) Tray Position in Z-direction
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Fig. 2 Simulation results with a conventional PD

controller

3 & pDAO 7S 7|Hto 7 AAET]

=K, xe +K,xé, )
€ = 8ap; — 8ap,-

)
o

n
]5, Kd'E Ulfola i kHWH ZjZ}“Oﬂ EE
€ ATE i AlyRAan ne
HAAGS Hate] FAF Ao FueFS Hg
s Astel el ot

AT o] RN wese AsRe 47

Ao AL Bl RAel 2ol

omg, 54 AAAe]l gelor s HgA e
AH Tl wdA] FUF Aol wetA 2ot
Atk Fig. 2= A (D9 Al daglee BE
Aol Hgsto] Ageold @ Ave welFE
o 2 A adzZelq B £ ko] Edolst
FTyFoz olFHUA A7 Wart At
Eg A7) AeHE AP0 2FE717 AA L
sl 2HE7)7F AXE BA)elA A6l 2Fol
HAETh 271t FAY Eye]o Alg =
AF ol@ @ O A H sl wel Efole 4%
92 & Bt WEE oA i Aol 5 9
ook Fr}h. skANE, A (1)9] Ao G FAE
olo] gt w7} Qith o]EHon ARG

Fbste] ol@l wstel tietel @ 4 Atk 3
A, FPE Azl A A4 koo B AlA
HA A} Y A, AL Aede AR
ol ol Ao /Y Az FFse] Aol
ekl 4 gk,

slo) Algelel el bt AR Y A7) T
A9 2dele] A% 20 Al A ) wAHel Se.
AR, SAA ) e 7o) wheba] A &

g3he waEe) B3l FUA o Edold
97 gFol AT F Aok BA, FRAT B4
gom o|FHAA HE7|E0] AAAY ARk 3
s, o) B4 o FAF PdE AwsE o)
2o WA F Atk AM, YT AAA S
% ARG A Aloi7lo) WG & gek.

3. R4 ol7| 47

& oA E=HYE A A EAEe %
Aol Solg TxE AHa gom, AW %
579 4 Auwre Jvem pgeel 44 U

R} ol FolA7] W] WA Azwe] T
& WA oeleuE g 4y B 2
e WA Westelol drh 94 wogd
BARE F A wAs T aA 2AE 9se
7] ARAE 7 AE] AAER g A
wujstel FgAT 7 golAA] GE solof 3
W, LA} v Fo o5 W A7) Agol
REA o Foldor @k o A &S
P4 A4 54 2 AHHolth AA, B
Aol HAsE Pe B wdF Aol
e (AR B g5, BA, AT T4



rok
H
0_>J
oH
o
o
=
>
w
N
r
=
(o))
fol
=]
T
(4]
(4]
(.A)
U'l
(o)
N

June 2015 / 556

o WSS WAHI] st FgRAe] WA
£ e g BRoe gag olsi 4y
7 sojof @tk (@4 B AA, B4R ARl
argiol waEel B Ul e wael $9
Wolo gek (@ WR). WA, PEAe] Aol
Aglel meES] e 0% # ]o]—OqO]: g} (2w
E B ¥ AAE o8 nEat e 4
A 5 g Alel7] Aol diske] =)

i, :z'bl.a:(xcg,k)+K17 xe, +K,xé, @
€ = 8ap, — 8ap,.s-

NNA iy A AL 918 ool A
o], o= HAAY I A (r)% FE719
AANA e B2 AU of vhojojx AR
2 A Pyl B e A Su @
= AAdT. 9 2Re] ppAlel7lE 914 4
e 9@ ﬂﬂko AT = pDAIOI7Ie] Al

:(m_&

ﬂ.l

il
b !

oAle X HAsNe BHom 24 bset,

A oA B Alzge] AojAel A uls
of ol v ATk BdE A ARl A5
2 RO, A7l AA 2 s 249 A
e B,

S Aoi7lol sl AHE AFE PAAAA
2 Foto] PgEe A4AT QuHon A4
o FaAde olulel 4 @AY Aol Aol v

#etar Al Aol v g3

i ) i Y
ﬁ = Kmag . = Kmag [ £ j * (3)
Zmag —Z gap, k

ANANA fiz kB AN B, K2 A%
Rl A 0 A AR

o Wdel ol oivl G,

8i #1 #k #E+1 H#E+2 H#E+3 #10
1as
Force D |:| D D D D D D
F % LA Ty
A | X Y1 %02 X3 | Yooy
L

®

Fig. 3 Proposed nominal force generation function

fek g 239 GdEfol A
[} 3],‘_‘:_

—
dpoloj s AFol oSl WATE BE Y fir
= e o] AdtEn
.l ,k 2
fnk :Kmag lb"”(x"g ) ° (4)
8ap,.
£, 9E Py Fojd A9 BaF ¥E A
R F vlelols ARE 4 @RVE T el
el
T (xcg’k) = 8ap, \[f”k / Kmag' ®)
3.2 AAX7|E 24 4d FHo{7] 4

@A e g

el ek vl kA &
=

_1

_?,]
A 2g717F F3A £
Xeol = L1294 W, Ao]of
2ol 33t mHlES] HY

3
2 fp =mg (6)
i=0
3
2 Fri (%= x,) =0 )
i=0
9 Ao g edA xmw T8 B

= AR AR A, me WA AR, g
FTHNEEZE 93t} Fig 3% ZF o] oju] o}
#xA gels HolgEnh Fol TN AE7

Fol A YFe| YPAoR AAFuz ool
WA g ANYFRAEL 247} F o)

= ARE A



June 2015 / 557

WIS x0l oE

£8 BrE Tae we
AAY AP Fejel Pge A4 e A48

xk xug
x| 1+ 7 if ——<x,-x,<0
i = ¢~ X, L ®
N | 1 0snx <y
0 else

of AolA Fi= AAAT} AT gholn, o] Ae
= Xeg = L2G4w A&l Frrolnh. A (8)= (6)%
(el del i ool o] ALt

3 - +L/4)-
D i =F 142 T | l+u
P L2

L/2
+F(l_(xk+2L/4)—xcgj

L/2 ©)
o F 1_(x,(-t—3L/4)—xcg
L/2
=2F
3 3 L
zﬁk+i .(xk+i _xcg): Zﬁk+i '(xk +Zl —xcgj
i=0 i=0
3 3 L
:(xk_xcy)zﬁk+i+zﬁk+i.zi
i=0 i=0
(xﬁfj_xc
4) "L
2
(x + j % ( +3L) ;
k A kT T Mg
+F|1- 4 £+F 1 4 3L
L L 4
2 2
FL 8
= xk—xcg)'2F+7{6—6—Z(xk—xcg)} (10)
=0
= 3 WY 2US Femgadd wEeta, RYUE
BE 1L Fol #AIjlel FHet
4 ®)% olgste] 2 Aol Bag 7%
PR (e AT, o) Ghe BE A, =
foom BT 5 oAtk olgA Fal WE wy
98 e A (9 Fo] vlolojs ARE A8

(a) Tray Position in Z-direction

-1 T T T T
E
E
c
S
‘@
(o]
o
~o 02 0.4 06 08 1
(b) Pitch Angle of Tray
0.0
Levitation ; ; Actuator Sw itching ;
o I F----- t--—-- 4----- 4--=--- -
3 | | |
© 0 t
o | I I
& F----- [ - 4--—— - [ -
I I I
0.05 L L L
0.2 0.4 0.6 0.8 1
a
£ 5[
3
© 3H
O .
g 4 L
50
1

Time [s]

Fig. 4 Simulation results with the proposed levitation
controller

gk 3 A ()9 Alejrldl tidEE FAA ] $1A
Wsto] we 7l e HEAe FA4%
A WstE BAE F Ak = A 99 I
g ALAE Fste] 72 ZsTld A FAdEE
A Bl g S QA H ]tk

E AEY)HSRE AF3H Fig

=gn A58Ae & 4 9
At sjgkol 9le Al AWE A D AAAE
9 Ao} Aol welwA % Ak ool U@
WA o goln AlshAr

4. RtA[HIO17] AA

o Aage] 25717 4FE A= 5
Fig. 57} HolFE= ne} o] Al w2k
W gEolth 4 W

2 rlo
fo

a)

S

=

-z

rE -
fohy

2

2

olo

N

ofr 4
ol

*

HS

>



=P USSRX M 32F X635 pp. 553-562

June 2015 / 558

Fig. 5 Coordinate of passive maglev tray system
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Table 1 System parameters
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