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MAGNETI C SUSPENSI ON SYSTEM This invention relates to a system
for the nmagnetic suspensi on of objects. W have now devi sed a
system which wi Il support an object in suspension at a controlled

position relative to a 5 fixed or novable structure, with a large air-gap
bet ween the W 'gﬁM@nd that structure, and with a | ow powepcrRiBERRkd ON-
I'S [

In accordance wth i nvention, there is provided a magnet | c

suspensi on system whi ch conprises an el ectromagnet and a first permanent
magnet nounted to a fixed or novaghénsupeostsHENSioN GlydrgM an obj ect
provided with a second per manent nagnet and arranged for suspension at a
position bel ow t he el ectromagnet at l|least partially by an attractive

magnet i ¢ field devel dpats btnventHiarherelasesai P per Aagksn fexynthe, magnetic

detector nmeans nyuHRGIiIBnAoF ¥B§edes) tion to detect the 15 magnetic field

of said second permanent,Magnel. 3044201568’ a system which will support an

object in suspension at a controlled position relative to a
5 fixed or movable structure, with a large air-gap between the
object and that structure, and with a low power consumption.
In accordance with this invention, there is provided a
magnetic suspension system which comprises an electromagnet and
a first permanent magnet mounted to a fixed or movable support
10 structure, an object provided with a second permanent magnet
and arranged for suspension at a position below the
electromagnet at least partially by an attractive magnetic
field developed between the two said permanent magnets,
detector means mounted in a fixed position to detect the
15 magnetic field of said second permanént magnet, and control
means for supplying an electrical current to the electromagnet,
said electrical current being varied in accordance with an
output signal of said detector means to maintain said object
in a predetermined position relative to the electromagnet.
20 We have found that this system will suspend an object
at a controlled position relative to the fixed or movable

structure, with a large air-gap between the object and the
electromagnet.

The support structure is preferably further provided

25 with a body of magnetically permeable material, so that the

object is also partially suspended by an attractive magnetic

field developed between its permanent magnet and the body of
magnetically permeable material on the support structure.

Preferably the control means is arranged to supply an

. 30 electric current to the electromagnet when the magnetic field

detected by the detector means changes from the field which is

detected when the object is at said position.

Preferably the control means is. arranged to supply

current to the electromagnet, such that a magnetic field is

35 developed between the object and support structure, which

attracts the object towards the support structure when the
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means for supplying an electrical current to the el ectromagnet, said

el ectrical current being varied in accordance with an out put signal of
sai d detector means to maintain said object in a predeterm ned position
relative to the el ectromagnet. 20 We have found that this system
wi || suspend an obj ect at a controlled position relative to the fixed or

novabl e str UWM th a large air-gap between the object ﬁﬁ?‘i‘?{’g&"sﬂ

el ectromagnet . The support structuRe is preferably

provided 25 with a body, of pmagnetically permeable material, so that the
object is also pdPAIHEAF sEip d@ﬁt‘?ﬁt%‘?w Bt @ | R 9Rker Peans  ipj delov a
devel oped bet weerpredelramimednflimdynet and t he body of magnetical |l y

perneabl e material on thprésepasly Séﬁélncggﬁﬁr‘é%;t IIfnieans riseEaEzQ{aglrgt%QLyté hgupply
Gl ct romagner whe it b0 i Pl dedbndonSLECRhe EhAErd madastly fisi is
changes from t e 398 ¥PRA} detivgen thejaksiscdd andethe hsuppiric stiruckureai which
posi tion. repeX¥ etigd agbyedtCawddNt £ Pdm MERES shfpSF¢ a@@ﬁﬂ’cﬁlgreg H the
current to the el ectronmagngt 3u§h that a magnetic field is 35 devel oped
bet ween t he obj ec??a%nfgus‘%pgbﬂ sHPLRELRE, B¥hi deteglqr, cpeanfeigpjakave a
towar ds t he supp@redstertioed WHabti he

The system thus uses very little current because the

10 electromagnet is only energised when the position of the object
departs from the position at which it is substantially
suspended by the permanent magnetic field developed between the
object and the support structure.

Preferably the current to the electromagnet is pulse

15 width modulated.

' Preferably the control means is arranged to increase
the magnitude of said electrical current as the magnitude of
the detected change of magnetic field increases, so that a
stronger magnetic field is developed the more the object moves

20 away from the above-mentioned position.

Preferably the control means is arranged such that the
electromagnet is energised to slightly repel the object at said
position, so that in the event of a power failure the object
is attracted towards the support structure by the permanent

25 magnetic field.

Preferably the electromagnet comprises a coil.
Preferably the control means comprises first and a second
switches and third and fourth switches, the two respective
pairs of switches being connected in series across a d.c.

30 supply, opposite ends of the coil being connected to connection
points between the first and second switches and third and
fourth switches respectively, and the control means being
arranged to actuate said first and third switches or saiad
second and fourth switches depending on the desired direction

35 of current flow. )

It is particularly desirable for the magnetic field
detector means to be very sensitive. Preferably this detector

' means comprises one or more Hall effect sensors: for example,
there may be two Hall effect sensors mounted at opposed
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WO 97/ 09540 2 PCT/ GB96/ 02150 magnetic
field detected by the detector neans is below a predetermined limt.
Preferably the control neans is arranged to supply current to the

el ectromagnet, such that a nagnetic field is 5 devel oped between the object
and the support structure, which repel s the object away fromthe support

structure when {fyypessfBignetic field detected by the detector pEREEehfIS0
above a predetermned limt. The 3syst emthus uses very little

current because t C rPi on
t he obj ect é@sgtq?ros?nét oﬁqéo?\oﬁ{u%q}ﬁ C§f|3§-'ﬁg@ub&f ant |°g\%1%hgt che
suspended by t he ‘b‘é‘iﬁ‘%ﬁerﬁf rrE’@‘heF‘i"% Hadl getfessdt GpRtp et Vving tﬁé’mhlnéﬂj de-9
and the support stéumméditegether or averiBgefipribipyoviidectli¢ enitput signal which

el ectromagnet is Pé” (Ylla.e\a dig npglyl ac;o‘?xq:rol means J2 €L&E dé eéé]:%

control nmeans is arra to increase e magni tude of sai ect ma(?ﬁ“'
current as the SrebyhFeuRptisrely the GSFS%‘E%"d ’Bﬂ%ﬁ'@eméi’ FRGRELEE fbe|aporphous
i ncregses, so thatibbon sdr=nger nmagnetic field is devel oped the nore the

obj ect noves 20 away frogLbg ah etﬂ@'&%\:%@@ﬁ p:ﬁééﬁé L magnptically shielded

Preferably the control neans Is a range gnet

energi sed to sligh¥Py FRpemagnetip; 56?1%9! %%R%Fatedpd%\i t¥he, ekertnepagngty pad
event of a power parmarient maghEtedin the support structure. Preferably the

10 detector means is shielded by a non-magnetic material, such as
aluminium, which blocks changing magnetic fields, but which
does not block steady magnetic fields. Preferably the detector
means is shielded by a magnetically permeable material, such
as mumetal, which blocks steady magnetic fields, but which dces

15 not readily block éhanging magnetic fields.

Preferably the object being suspended includes a body
of magnetically permeable material to which its permanent
magnet is mounted, to act as a flux concentrator and to project
the field generated by its permanent magnet further towards the

20 support structure.

Preferably the support structure includes a body of
magnetically permeable material to which its permanent magnet
is mounted, to act as a flux concentrator and to project the
field generated by that permanent magnet further towards the

25 object being suspended.

Preferably the electromagnet includes a core of
magnetically permeable material.

Preferably the magnetically permeable material
comprises mild steel, silicon iron (SiFe), ferro cobolt (FeCo),

30 permendur, or a composition of nickel iron.

- Preferably the permanent magnets are formed from a rare
earth material such as neodymium iron boron (NdFeB), or other
high energy material. .

For the electromagnet coil, it is desirable to use very

35 fine (small diameter) wire in order to increase the number of
turns which can be wound on a bobbin of predetermined size (and
so increase the strength of magnetic field which can be
produced using the same drive current), or alternatively reduce
the size of the coil. However, reducing the diameter of the
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Is attracted towards the support structure by the pernmanent 25 magnetic

field. Preferably the electromagnet conprises a coil
Preferably the control neans conprises first and a second swi tches and
third and fourth switches, the two respective pairs of sw tches being
connected in series across a d.c. 30 supply, opposite ends of the coi
bei ng connect ed w@odeEHeCt | ON points between the first and 2150
switches and third and fourth switches resfectively, and the contro

means bei ng ar&ﬂ@%@ﬁ%@agﬁi&@%f ﬁ%r@afsbésitsaggségggl‘;cé\’Mr;[dcﬁgé rt:lrxse‘f’lhra.v

second and fourth S he d rren
f1 ow. %gep&'reﬁud'g'ﬁgr F9 BREF (1 S5 CBRESREgRRYPRID |‘3F?j coil.
det ect or neans to be ver pretemsably ethéraefmrebl thd he ekt andgiet useinin the

ri ses one or X t
cHglrrlp :afs cht senso%%ﬁdgdgat&%ngﬁ?{é préyen% 3\@%5}: 68g4ggﬁ£)§1gg¥ 8o ' 48
3 5 ¢Qﬁ?(§§ﬁ§§0255 re wound around a common axis and connected

in parallel. The wires may be wound to form respective coils
disposed end-to-end, or they may be wound together to form a
composite coil extending the length of the electromagnet.

With these coil arrangements, each wire is shorter in

10 1length (and therefore of lower resistance value) than a coil
of comparable size wound from a single wire. Therefore finer
wire can be used without the need to increase the drive voltage
in order to maintain a comparable current.

Embodiments of this invention will now be described by

15 way of examples only and with reference to the accompanying
drawings, in which:

FIGURE 1 is a schematic diagram of a first embodiment
of magnetic suspension system in accordance with this
invention;

20 FIGURE 2 is a block diagram of a control circuit of the
magnetic suspension system of Figure 1;

FIGURE 3 is a graph of coil current against Hall sensor
‘output for the circuit of Figure 2;

FIGURE 4 is a schematic diagram of a second embodiment

25 of magnetic suspension system in accordance with this
invention;

FIGURE 5 is a schematic diagram of a third embodiment
of magnetic suspension system in accordance with this
invention; and

30 FIGURE 6 is a schematic diagram of a fourth embodiment
of magnetic suspension system in accordance with this
invention.

Referring to Figure 1 of the drawings, there is shown

a magnetic suspension system for suspending an object O at a

35 controlled position relative to a fixed structure. The object
O is provided with a rare earth permanent magnet 10 mounted to

a piece of mild steel 11 which acts as a flux concentrator.

An electromagnet 12 is mounted to the fixed structure. In use
the object O is magnetically suspended below the electromagnet
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positions either side of the axis of the el ectromagnet, the out puts of
the two Hall effect sensors being conbined (e.g. summed toget her or
éveraged) to provide the output signal which is applied to the control
means for the electromagnet. 5 Alternatively the detector neans nmay
conprise an anor phous ri bbon sensor. - Preferably the detector
nmeans i s nagnet woatzlogs4shi el ded fromthe naggetlc fields genefraésvdobiset he
el ectromagnet and per manent magnet in the sUpport structure. Preferably

tre 10 dete&;orhnEaDSwhicﬁf&dﬁﬁ¥i¥eﬁyﬁgg?gﬁfﬁfgﬁiid but Vﬁ?ﬂé?n° gcéhésexample
' s,chan

gl g(r:nkms?g]ady Imcagngbg‘% fl e?a%&]g%egagabﬁ/ PHS YEEEILBL: Puhddndaysbeninslined
by a magneti cal | ytpetigadiorizgensalalor syeh be acslqmﬁmalthe/\khm:ldrmalis The

steady nagnetic beédﬁroﬁHén&ﬂ'Qﬁ dags B> eeler el loe bL9 %ﬂ%ﬂ%]ngr other
magnetic fi el dsg t he object hein )? sus ended i ncl udes

a body . of magne Figahiy r?eegﬂeg?’hét’&??%ﬁl ]U fRACA t‘?%e?’?rﬂh?ﬂi‘el having
magnet, i s nount eda t:enhml @pex tunex at bgued twitttothandote ¢ff dhecélectidifagnet.

field generated bFutEﬁe??r&“ﬁ&ﬂﬁhdnﬁggéteéfgﬂ|ﬂ@imﬁﬂ@§5dﬁa%ﬁ$héks apﬁgéﬁte? to

structure. fer e support structure |
magnet i cal |y per nEaBi 8° ?’&r?réé Wu‘é § S rp&PnakerrcddifePermangnt magnet
nount ed, to act aéoaofltllxe(nbmt |0at OTharzbrteo 131 spgChbe tile inf k®bdparts with

ted by timt r 1 he c e
e A 11 .t e A
|

magnetical |y per meab?és?r%? e p°ﬁjrté1° QBPS)‘? the a"r%&gﬁéth%l‘F?l‘e-

permeabl e materi &nstead the core may have a hollow passage in it, so that the
axial position of the magnet 14 may be selected or adjusted.
Two Hall effect sensors 15,16 are mounted below the

15 electromagnet 12, such that they are substantially shielded
from its magnetic field.

Wires 17 connect the Hall effect sensors 15,16 to
respective inputs of a control circuit 18, the coil L being
connected across the outputs of the control circuit 18.

20 Referring to Figure 2 of the drawings, inside the
control circuit 18 the outputs of the Hall sensors 15,16 are
connected to a summing or averaging circuit 20. The output of
the summing or averaging circuit 20 is connected to a
comparator 21 or error amplifier which compares the summed or

25 averaged signal from the Hall sensors 15,16 with a reference
level, which is set by adjusting an adjustable resistor VR1
that is connected in series with a resistor R2 across a d.c.
supply. The comparator 21 has two outputs which are connected -
to respective pulse width modulators 22,23. Two pairs of

30 series-connected insulated gate bi-polar transistors {IGBTs)
TR1,TR2 and TR3,TR4 are connected in parallel across the d.c.

supply. One end of the coil L is connected to the
. . interconnection point between transistors TR1 and TR2 and the
other end of the coil is ¢onnected to the interconnection poiht
M 35 between transistors TR3 and TR4. The gate of transistor TR1

is connected to the gate of transistor TR4 and also to the
output of one of the pulse width modulators 22. Similarly, the
gate of transistor TR2 is connected to the gate of transistor
TR3 and to the output of the other pulse width modulator 23.
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conprises mld steel, silicon iron (SiFe), ferro cobolt (FeCo), 30

per mendur, or a conposition of nickel iron. Preferably the

per manent magnets are formed froma rare earth material such as

neodym umiron boron (NdFeB), or other hi gh energy material.

For the el ectromagnet coil, it is desirable to use very 35 fine (small
dianeter) wire woeweds4o to i ncrease the nunber, of t ur ns whecircEenz1se
wound on a bobbin of predeterm ned size (and so increase the strength
of magnetic field which Refedeing a@éQﬁUGﬁd pﬁé.lﬂgethe SEANMRhEr :jd&%ﬁu{g{sﬁnt'&he
g{aﬁgtg;ng}'gﬁgy ﬁégﬁgﬁént.%Ekg%FSBéEBthﬁeeogfgct A*QM%Y%&E %%r%%hggt mggnet
PCT/ GB96/ 02150 14 wpPfethgbsriat ilalane | axrangrss such rdwtst ey abtrachceach

St or iy el et PSS bR | tgRec o 486! SRR AP, b
Freferably, ¢ Poge! Sl SCHLOTRIRS' LR e gy iRERELRL, Sk
a conmon axi s andokisgte® has a weight which is less than the maximum attractive
- force between the magnets 10,14, then it will be appreciated
that the spacing between the magnets can be adjusted, so that
at one point the gravitational force on the object exactly
10 equals the attractive force between the magnets 10,14: at this
so-called balancing point the object will float in mid air.
The balancing point is finite, and in practice it is difficult
to get the object to float without some form of control.
Referring to Figure 3 of the drawings, it will be
15 appreciated that the magnetic field at the sensors 15,16 will
vary depending upon the proximity of the magnet 10 of the
object 0. This magnetic field is sensed by the sensors 15,16,
which output a corresponding signal Vv ,,, to the control
circuit 18. The comparator circuit 21 in the control circuit
20 compares the combined output from the Hall sensors 15,16 with
a reference set by adjustable resistor VR1. If the Hall sensor
output is above the reference then a signal representing the
magnitude of the difference is output to the pulse width
modulator circuit 22, whereas if the output is below the
25 reference then a signal representing the magnitude of the
difference is output to the other pulse width modulator 23.
Each of the pulse width modulators 22,23 is arranged to
- output a square wave whose mark-space ratio depends on the
magnitude of the respective signal from the comparator circuit
30 21. If the signal from the comparator circuit 21 is small,
then the mark-space ratio will be as low as 1:49 (2% ON),
whereas if the signal is high then the mark-space ratio will
be as high as 49:1 (98% ON). When the output of one of the
pulse width modulators e.g. 22 is high, the transistors TRl and
35 TR4 will be turned on, so that current I, flows through the
coil L. Likewise, when the output of the other pulse width
modulator 23 is high, transistors TR2 and TR3 will be turned
on and current I, will flow in the reverse direction through

the coil L.
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in parallel. The wires may be wound to formrespective coils di sposed
end-to-end, or they may be wound together to forma ‘conposite coil

ext endi ng t he l ength of the el ectromagnet. Wth these coil
arrangenents, each wire is shorter in 10 length (and therefore of |ower
resi stance value) than a coil of conparabl e size wound froma single
wire. Thereforevbbmessss W re can be used w thout the need toPCIGBIGBMSE he
drive vol tage in order to maintain a conparable current.

Enbodi ments of this i nvex&s\m:w lthaeouﬁé)e,edgmrbbetduéabbﬁécwadn&ftwaﬁaéﬁgm

only and with ref e to. t conpan rawi ngs, .in

FIGURE 1 is a scl?gmgﬁ?f cﬁeﬂa&%ﬂ% r’g) é@‘ :(L)%I Rent Suc l'bf tﬁggng{t}e above-
suspensi on syst ementigmedr dmi@@c\mghplohm; Ocquﬁverﬁttl ¢n;sparing of AemGURBen
is a block diagr aajqfst%u;@ntrre@hsebfcvm ok hhguste@agaetn&t S PORSHERE I,, I,

i | Csensor S Ubodtise FBFopE e ST BB sine IR brsi{ndiit il
schemati c di agr amesfistoyediRid satisodi sl 125 afge g esifier ences podsken between
SYEtenl ind acfoﬁ?ﬁ?ﬂ? ?M‘EhrrhhtsfloanVQﬂ{'Sﬁﬂer to av01d yddRRd éf &he
T
schematic di agramcufl,a tflm,urmdrgratb@mfaeﬂti Fuadfat rmdgndiald mspessrlénlﬁ will
system in E éﬂ? ) 3nput'EY§ﬂ£ioﬂo the comparat®ef 8h' kAd1t Qrop
Figure 1 of t edravmngs ere is own
low “the reference level thereby causing the pulse width
modulator 23 to operate, so that current I, flows through the
coil L. When current I, flows, the electromagnetic field
generated by the coil L supplements the magnetic field between
15 the permanent magnets 10,14 and attracts the object O back
towards the coil L. The magnitude of the coil current I,, and
hence the strength of the magnetic field generated, will depend
on how far the object O has moved away from the coil L.
If the object O is pulled closer to the coil than the
20 balancing point, then the control circuit 18 operates so that
the reverse current I, flows through the coil L. This reverse
current I, causes a magnetic field which repels the magnet 10,
so that the object moves away from the coil L.
It will be appreciated that very little current flows
25 through the coil L, since the coil is only energised when the
position of the object O departs from the balancing point. In
this manner, the system in accordance with this invention can
be powered by a small, low voltage d.c. battery, which will
last for a considerable amount of time before it becomes
30 exhausted. Alternatively, the circuit could be powered from
the mains via a low voltage d.c. supply.

If there is a power cut or if the battery becomes
exhausted, then it will be appreciated that the object 0O may
drop to the floor, which could be undesirable. Thus, in an

35 alternative embodiment, adjustable resistor VRl is set so that
the object is held at a position in which the minimum repulsion
current I, flows, thereby producing a repelling force, which
keeps the object away from the coil L. This repelling force
will cease if there is a loss of power to the coil and the
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a magnetic suspension systemfor suspending an object O at a 35 controlled
position relative to a fixed structure. The object O is provided with a
rare earth permanent magnet 10 nounted to a piece of mld steel 11 which
acts as a flux concentrator. - An electromagnet 12 is nmounted to the fixed
structure. In use the object 0 is magnetically suspended bel ow t he

el ectromagnet wo97/09s40 \WO 97/ 09540 8 5 PCT/GB96/02150
PCT/ GB96/ 02150 12, which conprises a coil L wound on a bobbin: in the

exanple  shown éijedtoid wilhasei a*at:fJascinﬁed/Et:rcfwiaﬁ-alsi tilaétcéirlhﬂ%e% HRCiPEGhe
to the horizontal n 101 i al . e
eloect (raomca)grglnét 12 ﬁfsd :ylgo}:ggl%ltg? gf#’?‘éés? 8%% o%gg‘[’ 27 EnGoBREPRRGRY magnets

permeabl e materi at® Mrd may rest on a panel having a central aperture

aligned with the core ofwé hnaeéecbﬁﬁaaﬁﬁsg, t%rcl) Egﬁt Bg][ t?ﬁe§g§rﬁgﬂsi%@ﬁ te%féééﬁ
Brtract the pocmir i Heth Weorsbif, "His GRS B oorore seshatond iace
in two parts w tFtaPkheosd§ien withhesilergacaibaapedmpt hensomuich Thatobject
magnet 14 is substantially suspended by the attraction force between the
permanent magnets 10,14, and thus only a small current (of
10mA) is required for the electromagnet, with a correspondingly
10 low power consumption when the object is at the balancing
point. However, when the cbject departs from the balancing
point the current increases exponentially with distance, so
that the object is quickly brought back into position. The
maximum current flow through the coil could be as high as
15 700mA.
In the embodiment shown in Figure 4, the Hall effect
sensors 15,16 are mounted at the lower end of a projection 32
(e.g. a tubular sleeve) from an apertured panel on which the
electromagnet rests. This arrangement enables the object ©
20 to be suspended at a larger air-gap (up to 80 or 90mm) below
the electromagnet, since it is the sensitivity of the sensors
which 1limits the size of the air-gap and not always the
strength of the permanent magnets 10,14.
Referring to Figure 5 of the drawings, there is shown
25 a further embodiment of suspension system, and like parts are
given like reference numerals., 1In this embodiment, two rare
earth permanent magnets 14,40 are mounted at opposite ends of
the coil L on its vertical axis. A third permanent magnet 91
is mounted inside the core of the coil between two steel core
30 sections 13a,13b. The position of the magnet 91 on the core
may be adjusted during manufacture in order to set the
balancing point. The magnets 14,40,91 are arranged with their
respective like poles directed in the same direction along the
axis of the coil L. A piece of silicon iron 42 is mounted on
35 top of the upper rare earth magnet 40. The lower rare earth
magnet 14 extends through a central aperture in an aluminium
disc 43 which is mounted below the coil L. The Hall effect
sensors 15,16 are mounted on the underside of the aluminium
disc 43 in downwardly facing cups 90 of mumetal.
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I's disposed at a selected position along the axis of the core. | nst ead

the core may have a holl ow passage in it, so that the axi al position of
the magnet 14 may be sel ected or adj usted. Two Hall effect sensors 15, 16
are nounted bel ow the 15 el ectromagnet 12, such that they are substantially
shi el ded fromits magnetic field. Wres 17 connect the Hall

ef fect sensors Wwo gbfeoss0 respective inputs Qf a control circettcEsdnzishe
coil L being connected across the outputs o6f the control circuit 18. 20

Referring to Figure 2 ofTﬁ%e%awamsmagﬁé@'ﬂeo%h&e ogagekfa'bﬁﬁqﬁghfspéﬁaea

the outputs of the HaII sen
aver agi ng ci rcui t+20® ?ﬁgcﬁﬁ‘?plﬁmﬁrds FH% §ﬁﬁﬁﬁ anorm%@%?%’g?afﬂglltl PGEP‘?alElF

i s connected to aaterdedpandttire Zvcomagnets 40Pl finethehsuppesiparestube s,
sumred or 25 avenggehevn@ddht! 59%5@%6%@1@52&9@%@0 V&bgegFLg%egﬁﬂft@on

| evel ; which i et b adj usting an adjusta
connect ed in sBri¥ h a resistor R2 across a d.c. supply. The
conmparator 21 has tvvo oulmpuise Whtheh suspamwiecibgéct 100 ikegpechcredptibiSrds

wi dth nodul ators t%?e gﬁF%B;rﬂ-V&rRﬁ!tréx}'e Ezgpon?%ggéxﬁ_ﬁg Ve § wsei&@:t eglgﬁough

bi - pol ar transi st are connec
paral | el across t deépendss%pﬂ: stxgngtheed the magrets@ind the rﬂ§lght of
connected to tithe obijlet:eroonnectlon poi nt between transistors TRL and TR2

apd, e, 18T, end O bIP sk GG Aol Lhceh Ih5CRRRLLPT RSLLLS
connected to the pat’® &FoPr Ehei %‘E%?dYrRzF?d}ﬂ?lﬁ §deld ‘!Wrat%t%tthﬂ cohd bi
the pul se w dth roduthtocsabuRihiuni dikardy hdlpe to gl diher BAS] Seiisol82fi-Sm
connected to the gahs f fd@2sid Fielas generated by the coil. It will be

appreciated that the magnetic field generated by the coil L and

15 the permanent magnets 40,41,91 thereon extends solely through
the aperture in the disc 43, and is thus concentrated
vertically downwardly. The silicon iron piece 42 on top of the
upper permanent magnet 40 helps to confine the magnetic field
to the downwards direction.

20 If it is desired to support a heavier object or
increase the air-gap, then the control circuit can be
configured so that the coil L attracts the magnet 10 of the
object O being suspended and thereby supplements the field of
the two magnets 40,41 in the support structure S. The amount

25 of current drawn by the coil L will depend on the size of the
desired air-gap, but generally this is adjusted so that the
object is suspended substantially by the attraction force
between the permanent magnets 10,40,41,91.

In order to provide a stronger magnetic field without

30 increasing the voltage needed, or alternatively to enable the
electromagnet to be made of a smaller size yet provide the same
strength of magnetic field, the electromagnet shown in Figures

‘ comprises two coils L1 and L2 wound around respective portions
of a bobbin B and separated by a spacer disc D: the coils L1,

35 L2 are connected in parallel to the.driving power source. The
arrangement allows the use of very fine (small diameter) wire
for the coils, without the resistance of each coil becoming
excessive, because each coil is relatively short. It will be
appreciated that the electromagnet may comprise two or more

SUBSTITUTE SHEET (RULE 26)



TR3 and to the output of the other pulse wi dth nodul ator 23. WO

97/ 09540 6 PCT/ GB96/ 02150

Referring again to Figure 1 of the draw ngs, the per mmnent magnet 10 of
t he object O and the pernmanent magnet 14 of the coil L are arranged such
that they attract each ot her, the permanent nagnet on the object O al so
being 5 attracyg9drbdasg he steel core 13 of the el ectromagnet. pti/cBis2iso
object O has a weight which is | ess than t he }faxi num attractive force

between the magnek§) 10, dhnd hSH Ids cf“t'elr'en@e PRRRHAL G thel @émﬂﬁe SRACINY

bet ween the magnets can uste at one point

gravitational foCOBNBR*E 1Bbi’§’6? %?(Ja‘cta}]f'ef@a(’édﬁﬁﬂg t FBC oP¥ (BR%S WLOSS & 9-
between the magndls ¥@, iy e tiound together | avolmsd athe rigokaimt asheholbmedn

will float in m ‘i‘la'ui'e 6, td%a Qnﬁblﬁﬁoméﬂco%i ELeh&s @%e Peﬂ%ﬁqtdf%ﬂet

is difficult get the object t out sorre ormo
Referring to glﬁP@ Angr Bufe gPalp nydthi (the | resreqtive,\Wieest sgnpagtedndn
nagpetic field atparh@lednsors dfukfthsr bmbodiment, two coils may be co-wound

on the bobbin B.

The object being suspended may comprise an annular or

spherical magnet which is radially magnetised, so that the
10 object can freely rotate or spin in the magnetic field.

One or more bores may extend axially through the core
of the coil, with each sensor being located axially below a
respective bore. This arrangement has the advantage that
little or no magnetic flux is present in line with the axis of

15 the bore, so that there is less requirement to magnetically
shield the sensors. Preferably a bore extends along the axis
of the coil through the core, so that a single, centrally
located sensor can be used.

As shown in Figure 6, the uppermost part 93 of the

20 bobbin B may be formed of a magnetically permeable material,
such as steel, in order to direct the flux at the upper end of
the electropermanent magnet assembly 95 radially outwardly, so
that it is more concentrated in the downwards direction to link
up with the lines of flux flowing from the underside of the

25 permanent magnet 10 in the object being suspended. Preferably
the axially upper end of the coil comprises extensions 94 which
are directed substantially axially of the coil in order to
direct the flux flowing from the upper end of the
electropermanent magnet assembly 95 towards the magnhet 10 in

30 the object.

The magnetic suspension systems which have been
described may be used in a wide variety of applications. For
exanple, the system can be used in advertising, to suspend
signs or other objects for display: it will be appreciated

35 that while freely suspended in air, the object may rotate.
Further, the system may be used when painting and then drying
objects, allowing free access to all sides of the object.
Also, the system may be used for the immersion of objects in
acid or other solution for chemical treatment; complete
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vary, dependi ng upon the proximty of the nmagnet 10 of the object O This
magnetic field is sensed by the sensors 15, 16, whi ch out put a
correspondi ng signal V[err] to the control circuit 18. The conparator
circuit 21 in the control circuit 20 conpares the conbined output fromthe
Hal | sensors 15,16 with a reference set by adjustable resistor VRL. I|f
the Hall sensorwo97mesaput i s above the reference then a si ghalPCrasmoesass i ng
t he magni tude of the difference is output To the pulse width

nodul at or ci rcui tindlrsWoar 829 bef abh€e bl RiitHoutbghP W ildeeo 8 Se K& o eBechd Pty
a signal represe%t&ng’g tge rrg%gt%dadof &hg |fferﬁnce IS output to tget
ot her pul se wi dt uPaYBcS3Y held. e Fr FRE DIFEE® Gt pe used to
nmodul at ors 22, 23 suspendangddls oof aenaplanes dnuwind viavenedsos @iving- spbetter
rati o depends on dih@1atiGRIBE! K Qdal B daRRCHLV eI BgwPal from the

conpatator circuit 30 21. |If the signal fromthe conparator circuit 21 is
smal |, then the mark-space ratio will be as low as 1:49 (2% QN),
whereas if the signal is high then the mark-space ratio wll be as high

as 49:1 (98% ON). When the output of one of the pul se wi dt h nodul at ors
e.g. 22 is high, the transistors TR1L and 35 TR4 will be turned on, so that

current I[err] flows through the coil L. Likew se, when the output of
t he .ot her pulse width nodul ator 23 is high, transistors TR2 and TR3 wi ||
be turned on and current I[err] will flowin the reverse direction

t hr ough the coil L.
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WO 97/ 09540 7 PCT/ (B96/ 02150 '
Assum ng t” n | UHII;"J the object _and the strength . of thga per manent
magnet s 10, ! the aboferis SHFEMHASBEENHal anci ng point occurs

/ énN
at a spacing of 4cm then adj ust agﬁe HpLAtew VRL lis adjusted so that no
current I[err],I[err] 5 flows throu ; - his point: in _
practice adj ustwalemmeesser esi stor VRL sets a snﬂl range of ref @caradsnnsnt s
bet ween which no current flows, in order to”avoid cycling of the
current through coil L. If the object O novgsagw@y fromthe coil, the
magnetic field F[err] at the Hall sensors 15,16 will 10 decrease and the
I nput signal to the conparator 21 will drop bel ow t he reference |evel,

t her eby causing the pul s& whagretic nsmsbension3 systerer sthichso comprisesr eah
I[err] flows thr og@fcﬁmagne:ohhgéa fiﬁi@ﬁ?{aﬁ%ﬂguhﬁﬂﬂ rﬁdm%g tr'?geﬁef.i’c‘ed
field between 15 Thaicyanids BEPBRED sbkeotrE) sn it Brevides dtiod erooet
towar ds the coPl RermghRenfagragnate asfd tamrangdd cfor estspdrevign ainda pobétiien
e oL of bmons ) doaagnae! dechodbd lndREIEy pyod A LREeilE
Ul | od ol oser o TadhaRaq " BREtd; 1 aIBsrnbeFigeshi e 1R 30 oReFBRnent
circuit 18 oper atRaIngfs.haletector means mounted in a fixed position to detect
the magnetic field of said second permanent magnet, and control

10 means for supplying an electrical current to the electromagnet,

said electrical current being varied in accordance with an

output signal of said detector means to maintain said object

in a predetermined position relative to the electromagnet.

2) A magnetic suspension system as claimed in claim 1, in
15 which a body of magnetically permeable material is provided on
the support structure.

3) A magnetic suspension system as claims in claims 1 or
2, in which the control means is arranged to supply an electric
current to the electromagnet when the magnetic field detected

20 by the detector means changes from the field which is detected
when the object is at said predetermined position.

4) A magnetic suspension system as claims in claim 3, in
which the control means is arranged to supply current to the
electromagnet, such that a magnetic field is developed between

25 the object and the support structure, which attracts the object
towards the support structure when the magnetic field detected
by the detector means is below a predetermined limit.'

5) A magnetic suspension system as claimed in claims 3 or
4, in which the control means is arranged to supply current to
30 the electrémagnet, such that a magnetic field is developed
between the object and the support_structure, which repels the
object away from the support structure when the magnetic field
detected by the detector means is above a predetermined limit.
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t he rever err] flows through the coil L. This reverse

current I'myﬂ]ﬁ[’ﬂwﬂﬁiﬂ gnetic field which repels the magnelt %0, SO
that the fromthe - It wil e
appreci ated thatL very little current qﬂéoSHE Hé\ér%EuEgJ the coil L, since the

coil is only energised when the ROSiti he ob) ect O departs from
t he bal anci ng o 8at/09ssn this manner, the §st emin accor dapeg/coédRisdi S
i nventi on can be powered by a small, |low voltage d.c. battery, which

i1 | ast for consixl Bt ianbuserididd Rehos€e dilaj; S : .
\(,amxhausted. Al tergétai vel q{aﬁe cilicuit P7:ouJi d %gs O\A/eredélfarlg%%o% F%glﬁa?hsm

via a | ow vol t ag& &g, ti‘,ﬁpp:lc’)‘?.tro means COPPrifet et 1St Pheteeena cFwitcher
battery beconmes cenneghadsirdseniesn aicross| b decappuppldiyaned thatdt drd obpeeth

OI my drop tewﬁhahééogqsnnmw iagg_bgtiarﬁ {"/@P'@éém i 'srtgag a-s.g.tTﬁg?ply,” ?ﬁ%g’éite
t t erpo ni. adjusia r )

gbj ect i hel ? aghggpégi T ﬁ%&hehﬁ‘égﬁ?‘ﬂ??ﬁﬁﬁ MEI0Es PERANected fo eppints
I[err] flows, thErtWgeprbiedinstaandpeetond) swittcbeswmdithe thiledpandhfourth
object away fronmsi/ieches! réspddtivd1§Panbi Bef Q88 Ero1 méghglbggﬂaeaféaﬁgg&eto

' h Il, and the_ .
I's a loss of po“EEtﬁgtL séfé)flrst and third switches or said second and fourth

switches depending on the desired direction of current flow
10 through the coil.

7) A magnetic suspension system as claimed in any
preceding claim, in which the current is pulse width modulated.

8) A magnetic suspension system as claimed in any
preceding claim, in which the control means is arranged to

15 supply an electric current to the electromagnet which repels
the object at said position.

9) A magnetic = suspension system as claimed in any

preceding claim, in which the object being suspended includes

a body of magnetically permeable material to which its
20 permanent magnet is moulded.

10) A magnetic suspension system as claimed in claim 2, in
which the body of magnetically permeable material comprises a
core which extends axially of a coil of the electromagnet.

11) A magnetic suspension system as claimed in claim 10, in
25 which the first permanent magnet is disposed axially of the
coil. ’
s 12) A magnetic suspension system as claimed in claim 10 or

11, in which the body of magnetically permeable material
comprises a flux concentrator disposed at the axially upper end
30 of the core.

13) A magnetic suspension system as claimed in claim 12, in

which the flux concentrator extends over the axially upper. end
_
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WO 97/ 09540 " — 8 _ PCT/ GB96/ 02150 object O

9

w il be f the coil, Ter | hel d by the

attracti a(#ﬂnﬂmmgmﬂm' he per nanEm'@ Iﬂ}JA S BE ﬁ]4. Ve have

found that% I wsenols suspensi op_sys ‘P 5-hi ch lhas been descri bed,

the object 0 can be suspended in a stabl e position with a large air-gap

(up to 60nM . Two oirosmt is substantially 1s4uspended by the wi¢Eveio2188

force between the per mmnent magnets 10,14, and thus only a snmall current

( of 10mA) is rEqhecd1éotrémegedtect romagnet, with a correspondingly 10

| ow power consunption when the object is at the bal ancing poi nt .

However, when the object departs from the bal anci ng poi nt the current

i ncreases exponerdiéal | y APRENgEic Sapension systen @isecdpived i cdaeiivkly, in

brought back i nt ehiehi then fluxT@dncentBXtsHNtembF Bids fdpvetturiith W8 chOlils
enbodi ment _shown in Figure

coul d be as high 0 s Int

4, the Hall effe<:a?’$““q"g§éng‘crngrA Sixedly WpAneisitht gg“’éta hdNoWPendeRd 9f  the
projection 32 5 e€lecgromagnet| downwasile) towerdantie ki hedingl suapeideh,

t he' el ectromagnet rests. Thi s arrangenent enables the object 0 20 to

be suspended at l.ar ger, ai_r - (up_to 80 or 90mm) bel ow t he ) .

el ect r omagnet, s?"r‘?e_e it A é“agﬂggggniﬁ???f‘?ﬂf”bfsyls%ﬁmsﬁs‘ﬁ'ras"med i Ehem bt dn
the size of the &hichaphanelerfireuagnes comprises rionytdr obrehwipes neinisd are

magnets 10, 14.  wound arolffd &4 'édindiP dHi@UaRaScohnddeedNidVagaa1bhere is
shown 25 a further embodi ment of suspension system and like parts are
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given |ike reference nunerals. In this enbodinent, two rare earth

per manent magnets 14,40 are nmounted at opposite ends of the coil L on
its vertical axis. A third permanent magnet 91 is nounted inside the
core of the coil between two steel core 30 sections 13a,13b. The position
of the magnet 91 on the core may be adj usted during manufacture in order
to set the ba¥asmosg poi nt. The magnets 14, 40,91 are arrangeerihdsioishe
respective |ike poles directed in the same direction along the axi s of
the coil L. A piece of silicon iron 42 is nounted on 35 top of the upper
rare earth magnet 40. The lower rare earth fggnet 14 extends through a

central aperture in an alum nium di sc 43 which is nounted bel ow t he coi
L. The Hall effect sensors 15,16 are nounted on the underside of the
al um ni um disc 43 in dowwardly facing cups 90 of nunetal. WO
97/ 09540 9 PCT/ GB96/ 02150 The
per manent nagnet AQ of tfie objeqt 0 bei ng suspended is attracted towards
the mgss of magnetically peageahle

13

12

Figure 1



material and the two magnets 40,41 in the support structure S, t he
per manent nmagnet 10 bei ng nounted on a piece of silicon 5 iron 11.

I'n use, the suspended object 10 is attracted towards t he support
structure S froma distance of up to 60mm although this depends on the
strength of the magnets and the wei ght of the object O 10 The
munet al cups 90wWo47w9440 shield the Hall sensors 15, 16 fr ompdmRCGEIHASY
magnetic field generated by the coil L, and the al um nium di sc 43 hel ps
to shield the Hall sensors from varyi2y® magnetic fields generated by the
coil. It will be appreci ated that the magnetic field generated by the
coil L and 15

the aperture ip the disc 43,—anrdqi § +hh°
downwardly. The silicon iror piedej42 on

d vertically
upper pernmane

magnet 40 hel pp t¢ confine the nﬂﬂnpfur t he downwar ds
direction. 20 If itfis desired-% heavi er objedt o
i ncrease the alr-gap, then tlhe control c e configurgd sjo that
the coil L attfactls the magnet 10 of t D bei ng suspended fand
t hereby suppl eprent]s the fielld of th 40,41 in the dupplort
~structure S. The gnmount 25 dgf current oil L will degend on
the size of thg desired air-gap, b ngrally|this is adjusted so} t hat
t he obj ect |s dquspended sjubstanti t he at/trlaction force et ween
t he pernmanent fmagrets 10, 40,41, 91. In grder to provideja
stronger magnetic |field wthout 30 incrgésing the|vogl tage needed, |or
alternatively {o gnable the -
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el eciromagnet to be nmade of a smaller size yet provide the sane strength
of magnetic field, the el ectromagnet shown in Figures conprises two
¢oils L1 and L2 wound around respective portions of a bobbin B and
separated by a spacer disc D. the coils L1, 35 L2 are connected in parallel
to the driving power source. The arrangenment allows the use of very fine
(smal | dianmeterwowngsso for the coils, wthout the resistanceceicegsiiss Ol
becom ng excessi ve, because each coil is relatively short. It will be
appreci ated that the el ectromagnet may cqg&{ise two or nore WO
97/ 09540 10 PCT/ GB96/ 02150 coi | s wound
on different portions of the bobbin and all connected in parallel:
alternatively, two or nore wires e.g. WL, W may be wound toget her
around the bobbin, as shown in%® Figure 6, to forma conposite coi
extending the length of the 5 [pbbin, but again with the respectiye wres

connected in paraldel. In aBurther ent@di ment, two coils may ¥
co- woynd on the bghbin B. < - <
' | ' 1 1
S
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The obj ect being suspended nmay conprise an annul ar or spherical magnet
which is radially magnetised, so that the 10 object can freely rotate or
sSpin in the magnetic field. One or nore bores nay extend axially
t hrough the core of the coil, with each sensor being |located axially
bel ow a respective bore. Thi s arrangenent has the advantage that
little or no magvaesmessdol ux is present in line with the axis ofpciscidspzizoer e,
so that there is less requirenment to magnetically shield the sensors.
Preferably a bore extends along the axis of the coil through the core,
so that a single, centrally | ocat ed sensor can be used. As
shown in Figure 6, the uppernbst part 9342§ the 20 bobbin B may be forned
of a magnetically perneable material, ch as steel, in order to direct
the flux at the upper end of t he el ectropermanent nmagnet assenbly 95
radially outwardly, so that it is nore concentrated in the downwards
direction to link up with the lines of flux flowing fromthe underside
of the 25 pernmanent nmagnet 10 in the object being suspended. Preferably
the axially upper end of the coil conprises extensions 94 which are
directed substantially axially of the coil in orﬂfr to direct the flux
flowing fromthe upper end of the el ect roperfieinent magnet assenbly 95
towards the nmagnet 10 in 30 the object. The magneti c suspensi on
systens whi ch have been descri bed may be fised in a wide variety of

applications. For exanpl e, EHEESEES S n advertising, to

suspend signs or other objed ’ | be appreciated 35
(
]

that while freely suspended in :f:i//lz

Figure 4



Further, the system nmay be used when painting and then drying

allowing free access to all sides of the object.
used for the imrersion of objects in
WD 97/ 09540

obj ect s,
Al so, the system nay be

acid or other solution for chem cal

11

treat ment; conphﬁég

PCT/ GB96/ 02150 i F@@%ﬂ”n&y be achi eved wi thout any side of the object
having to be physically held. Yet further, the system can be usegﬁ%o
suspend nodel s of aeroplanes in wind tunnels, giving a better si “BPR 15

the real aircraft in flight. 12
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C ai s 1) A magnetic suspension system which conprises an

el ectronagnet and a first pernmanent nagnet mounted to a fixed or novabl e
support structure, an object provided with a second 5 pernmanent nmagnet and
arranged for suspension at a position bel ow t he el ectromagnet, at | east
partially by an attractive -~ magnetic field devel oped between the two said
per manent magosre9sdglet ect or neans nounted in a fixed positiper/dedeoabeCt
the magnetic field of said second pernmanent magnet, and control 10 neans
for supplying an electrical current to the el ectronagnet when t he
magnetic field detected by the detector neans changes fromthe field
which is detected when the object is at LHiéd predeterm ned position

said electrical current being varied i n accordance with an output signal
of said detector neans to 15 maintain said object. in a predeterm ned
position relative to the el ectromagnet, wherein the control neans is
arranged to supply current to the el ectromagnet, such that a nagnetic
field, i s devel oped between the object and the support structure,

whith repels the object away fromthe support structure when 20 the
magnetic field detected by the detector neans is above a pr edet er m ned
limt. 2) A magneti c suspension system claimed in-claiml, in
whi ch a body of magnetically pe I teri is prqQesded on

94 ' 94

95

m

11

Figure 6



t he support strUcture 25 3) A magneti ¢ suspensi on system as cl ai med
‘inclains 1 or 2, In which the control neans is arranged to-supply

current t agnet , such that a magnetic field is devel oped
bet ween tlmllmﬂm“meum"m support structuld@, which attracts t he obj ect
towards the Suppor? structure when the magnetic 30:field detected by the

detector nmeans is. bel ow a pr edet er mi ned Claimg; ¢ 4) A magnetic
suspensi on systemas-clainmed in claim3, in whi ch the control neans
conprises first and second.sw,t ches: cqnnected .in seri.es across .a d.c

supply -and tht}d and?f ofhPEReYE G\ SUSREDS IR e VST MRETRs SOREdSeR. fn.

suppl y, opposélectromagnet and a first permanent magnet I®untecdertis aoffixed

coil of the e f

Snd second sut AeNBA Guad SURRLES b BBIGLE probfAdf Wil dddng
the controB ripermanenignagnatgand carrangedafersfuspanssorn it Bi rRPs-’LtJ-On -
sw tches or sgéfiogeeRedepBetiorabhet, at least partially by an attractive

magnetic' field developed between ‘the two said permanent

ﬁegnets, detector meahs mounted-in a fixed position to detect

the magnetic field of said second permanent magnet, and control

10 means for supplying an electrical current to the electromagnet

when the megnetic field detected by the detector means changes

from the field which is.detected when the object is at said

predetermined position, said electrical current being varied

in accordance with an output signal of said detector means to

15 maintain said object in a predetermined position relative to

 the eleétromagnet, wherein the control means is arranged to

supply current to the.eiectromagnet, such that a magnetic field

is developed between the object and the support structure,

which repels the object away from the support structure when

20 the magnetic field detected by the detector means is above a
predetermined limit. '

2) A magnetic suspension system'as claimed in claim 1, in
which a body of magnetically permeable material is provided on
" the support structure. - '

25 3) .. A magnetic suspension system as claimed in claims 1 or
2, in which the control means is arranged to supply current to
the electromagnet, such that a'magnetic'field is developed
between the object and the support structure, which attracts
the object towards the support structure when the magnetic

30 field detected by the detector means is below a predetermlned '
limit.

4) A magnetlc suspen51on system as claimed in clalm 3, in
which the control means comprises first and second switches
connected in series across a d.c. supply and third and fourth
35I_SWitches connected in series across the d.c. supply, opposite

R s



w tches dependi ng on the desired direction of current flow t hr ough
the coil. ll“llf ul “ m“,magnet ic suspension system as clained- in
any which the current is pul se w dth rodul at ed.

A nagnetlc suspensi on system asl3clainmed in any 10 preceding:

cla|n1 in which_the control neans is_arranged to supply an electric
current to then@eeefrang@httohnthe elperromagnet bejndicoRnegred pbeipeints

7|) . A mnzgnﬁtt\réensw@eﬂﬁ@@ arwsgéimnca%wﬁﬂomgedndl Bheatiiird ahacEShrth
clarm in | C

bj ect
mmaneti cal |y SELFRBSR ESShaPEivary| SRANFER CPELTOl “pisnd RRfNo Srrenged to
nmoul ded. aB):uate ga hd fiatstc asmsphrhsdoswsyshemms salial sec¢ond ahdi fio@rthn

whi ch the %Od#%?ﬁagn%p%%ph éeaae.w%aahiggag;bﬁe%fa curr @i FoGh

ext ends axi al g e ectronagne A magneti c
suspensi on sysheangh Ehei gedlin cIa|n18 in whi ch the first permanent
magnet is dlsposed axially of the coil. '

5) A magnetlc suspension system as claimed in any
preceding_clalm, in which the current is pulse w1dth.modulated.

6) A magnetic suspension system as claimed in any

10 precedihg claim, in which the control means is arranged to
supply an electric ¢urrent'to the electromagnet which repels
the object at said position. | ”

7) A magnetic suspension system as claimed in any °

preceding claim, in which the object being suspended includes
15 a body of magnetically permeable material to which its

permanent magnet is moulded. | |

8) A magnetic suspension system as claimed in claim 2, in
which the body of magnetically permeable material_comprises a
core which extends axially of a coil of the electromagnet.

~20 9) A magnetic suspension system as claimed in claim 8, in
which the first permanent magnet is disposed axially of the
"coil. '
10) ~2_A magnetic suspension system as claimed in claim 8 or

9, in which the body of magnetically permeable' material
25 comprises a flux concentrator disposed at the axially upper end
of - the core. ' ' o,

11) A magnetic suspension system as claimed in claim 10, in
which the flux concentrator extends over thé axially upper end
of the electromagnet.

30 12) A magnetic suspension system as claimed in claim 11, in
which the flux concentrator comprises an extension which is

AENDED SHEEY_



10) ﬂlmmlﬂu' mwmpm on systemas clained in claim8 or 9, in whi ch
the bo per neabl e material 25 conprises a flux.

concent r’at 6r Hlsposed at the axially upper end of the core. "11)
A magnetic suspension systemas clainmed inidlaim10, in whi ch the flux
concentrator extends over the axially upper end of the el ectronmagnet.

30 12) A negnangeds kspedtrent syaignetds cfluxeadt nthe aupper, epd ofyhthe
the flux Concéﬂ&ééiSﬁaQHEPraéﬁﬁwéfd§§t€8§h?&s“@héhob§ect be%ﬂg suspended.

14 arranged to direCt magnetic flux at the upper end of
el ectromagnet downwardly towar ds the obj ect bei ng suspended. _
13) A magnetic suspension system as claimed in claim 1, in

which the electromagnet comprises two or more wires which are
5 wound around a common axis and connected in parallel.

sHtr"
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1, in V\ﬂlgcﬁ) %Qe“*' T

und around a commpn

13) + A negnetic suspension systemas cl ai med i Rl a
electromagnet conprises two or nore wires V\:hjaChA‘@ﬁ'!B 5
axis and connected in parallel.
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(57) Abstract

A suspension system for magnetically suspending an
object (O) comprises an clectromagnetic coil (L) having an 18
axially extending core (13) of magnetically permeable material
and a permanent magnet (14) disposed on its axis. A
permanent magnet (10) is also provided in the object (O) and is
amranged such that it is in attraction with the permanent magnet
{14) on the coil (L), and with the magnetically permeable core 13
(13) so that the object (O) is suspended at a position below the
coil (L) by the attractive force. Sensors (15, 16) on the coil
(L) detect the magnetic field of the permanent magnet (10) in
the object (Q), and provide signals to a control circuit, which
applies current to the coil (L) to attract the object (O) when
the detected field is below a predetermined limit and to repel
the object when the detector field is above a predetermined
limit, In this manner, the object (O) is held in position using
a relatively low current, since the coil (L) is only energised
when the object moves away from the position in which it is
" held by the field of the permanent magnets (10, 14),




