Met hod for calibrating a robot nounted on active magnetic bearings 5 The
invention relates to a nethod for calibrating a robot nounted on active
magnet i ¢ weanizxigs47and having a gri pper, which is verti caCijEPp@ioticemabl e
along the z 10 axis, for picking up and handling silicon wafers and
depositing themin a transporting box, in which a plurality of silicon
wafers are storable at a fixed vertical spacing, wherein the gripper is
di spl aceable in a first magnetic bearing along the x axis and in a 15
second magnetic bearing along the y axis. The designation silicon wafer

stands for an ] 0 i.sc-lii.ke fers, Jdncluding.those made of materials
ot her than si I>/i Ié&oenq-'%o% orcaé'ﬁlérc?%nrgef zfp?p °|tca o|1‘%‘r%:.ecg(5mThaecq.'cll]'rer ently used
transporting boxes for in each wagrebhe bearkng$ silicon wafers are open on
one sidesand are provided, laterally on the inside and at the rear in the
insertion direction, with guides for picking up 25 and depositing a | arge
nunmber of silicon wafers one on top of another and for safely storing them

I n such transportiihRngnkexes, rahieds are ahsondknwn asrFQPs: kRiontg Ogen
Uni fied Pod), the standardi zed spaci currentl%?lo mm.for silicon

ng is .
vafers stackaPone Umtop S0 GF et RBENSGrverP e e mAT i P8 6Nt fo waf er s
of 450 mMm Theigreppenhivhi dis i seat s50a kKnpwpoas tannaebdeefdleatprithbas a

fork-1i shape, and serves for engagi ng ath the.silico ers,
initialﬁ@ vm%%%ﬁﬁ ggfa#ﬁfﬁﬁlﬁ%euFat é?.h ﬁgg%ﬁgrEﬁgf'§¥1t%£f%?%i€8€'mafers
rest 35 | oos@nooit e ghigppernwhil etrheyrareinbei ngohandied.wiGiaice at he
gripper itself,has @ t hicckness.of § P8, Onkyea SMAldy1ai 1 .9ap, ofciLeam
remai ns above and bel ow the gripper In order to position it 1n the spacing.
vertical spacing, wherein the gripper 1s displaceable
in a first magnetic bearing along the x axis and in a

15 second magnetic bearing along the y axis.

The designation silicon wafer stands for any kind of
disc-like wafers, including those made of materials
other than silicon, and for any desired application.
20
The currently used transporting boxes for in each case
one stack of silicon wafers are open on one side and
are provided, laterally on the inside and at the rear
in the insertion direction, with guides for picking up
25 and depositing a large number of silicon wafers one on
top of another and for safely storing them. In such
transporting boxes, which are also known as FOUPs
(Front Open Unified Pod), the standardized spacing 1is
currently 10 mm for silicon wafers stacked one on top
30 of another, given a maximum size of the wafers of
450 mm. The gripper, which 1s also known as an end
effector, has a fork-like shape and serves for engaging
beneath the silicon wafers, initially without retaining
the latter. In other words, the silicon wafers rest
35 loosely on the gripper while they are being handled.
Since the gripper itself has a thickness of 8 mm, only
a small air gap of 1 mm remains above and below the

gripper in order to position it in the spacing.



- 2 - Accordingly, the robot has to position the gripper very precisely, in
order to rule out damage to the surface of the silicon wafers whil e they
are bei ngvbandl/est73G ven a di aneter of the silicon wafePsTaP2e0s®68 |y 5
450 mm this nmeans a high demand in terng of the angle deviation to be kept
wi thin, which has to be better than 1/450, or 0. 1.

Previ ousl y, for sucht asks, usewasmadeof 10 nmechanically constructed handli ng
robots, in viehrdHebequilss techelturasytpnrphet roRerBAt JAEPNaT SFt

mechani cal | ﬂébfé%ﬁ@ nat j,on rWet-h & ”P&P@“bﬁ%' o%rrda%"ét a&é opnef stheace )
f oundat i on. Sl nce the noved parts are guided in nechanical bearing neans in

such devi cest 1§hﬁea?ljph%%n@7ﬁ§eélswavglfﬁ%vetkted/ beTexpeet®d A FHE%eari ng
poi nts afterciavdmrea ofidesSSet ong pehéodsiofi use. wafeThi Sot eads reataychange

in the agcur |nteres ective eng nt_axes or, as a.r uItof settllng
of 50 te fEUdEs o q o BaN b O Bhochr ey T «Her B i Bt KEPoR™Br <t he

gri ppers, SLLtEl’VJtEhaIQD \Mt'ohdm cempl icatleth momintiohi Nge ®f tohebeoermertrs of t he
gripper, thene s, th 4§dﬁre&_1 ®f, damage to the silicon wafers when they are

removed fromthe transportl ng box or are 25 deposited in the transporting
box. Although use can be made, for vertical alignnment in the z direction,

of a nonitorg.ng, sensof, whirch measunes taekexanphgct he, i st anee of Jehe
respectl e mount fromthe 30 underside of the silicon wafer, and which
fact or stPhe PSR Tht o t ARRPokitren EERELIFIof TS | o walerFn the z
direction, compensate onaotuangye enrorhe( 6 nantbmgnt S awds posssbl @etln this

case, 6 standes far. tt’ie1 angl endew ghl)grrl]a Pgut tQ(lat axis an%C a%tl%%qs for
the 35 angle acew ajtl on “about 't he“ X axi's. 3 magnheti ¢ Beari'| ngs, by way of

whi ch qui ck @niccipraciae ofi entat fonnditthe .grs$ ppee itbemadevgobs siite bef ore
the removal gofe Sd{di&&ﬁ‘ %fﬁééhéﬁ%éﬁ Bééﬁﬁ@rﬁéaﬁsb% %ﬂ@hb% o eche

renewed storage thereof in said transporting 5 object underlying
the invénti oifds SIHEVERNE n ahecaseiafe a et ﬁ@d @fxweﬁypé“neﬁﬁeoned at

the beginningaring points after a more or less long period of use.

This leads to a <change in the accuracy 1n the
respective movement axes or, as a result of settling of
20 the foundation, to a loss of accuracy in the
orientation of the grippers, such that, without
complicated monitoring of the movements of the gripper,
there 1s the threat of damage to the silicon wafers
when they are removed from the transporting box or are

25 deposited in the transporting box.

Although use can be made, for vertical alignment in the
z direction, of a monitoring sensor which measures for
example the distance of the respective mount from the
30 underside of the silicon wafer and which factors the
result into the position control of the silicon wafer
in the z direction, compensation of angle errors (& and
¢) 1is not possible. In this case, & stands for the
angle deviation about the y axis and ¢ stands for the

35 angle deviation about the x axis.

The invention 1s based on the object of creating a

method for calibrating a robot mounted on active



by dividing the first and second magnetic bearings into 10 in each case
four nounting points, defining the setpoint centre coordinates for the X
Y, Z axiswendi2al7sg3t he set poi nt val ues for the angul ar POSiEPR@R®6BHO E and
transformation of the setpoint values injo setpoint values for the vertica
setpoint 15 positions of the in each case four nounting points, specifying
actuating forces for the el ectromagnets of the in each case four nounting
poi nts, deteayngiiiy bheréuppentbwerevcalf poBichontiltkeaghd casectiere the in

each case faurdmuntidlg Pei phs, g2Q ppeheasuring t PessUhi enbeyerti ¢al
position z of the in each _case four nounting points and conversion into
actual cent reEeOGHdI Rat €1 187G Eorfpat | AT hE dctariPTentte Bo%r diffat es
w th the setipoidie ced reccotdi pabesgedeherabni Ag the ddeviaatsier t2ngand
repeating tﬂf)greceding steps by specifying corrected setpoint val ues as
set poi nt “ce e coordinates until the deviation of the actual centre
coordi nates fromthe setpoint centre coordinates is zero. 30 In a first

ref i nement he, r o] als) t: J DV ion, grees .S
specified1{§h%h§b?§%9ag8§%g?§gg§iF%%néngﬁﬁ%fﬁﬁi%% %g %?Y %r??e%ﬁﬁenent of
t he inventi otsq hef setpotned val uesef errehecahganad pésittcols I8 NNENSr e

determ ned hy, conpalisoncied thesachdal sapgHbanapaskt toRsa6inEsancar e
speC|f|ﬁg as,se2£O|nt centre coordi hates for the - 4 - angular positions

6, E. The cofVeérdibrrate tHd et Cobrfiidtes X, Y, Z and the angul ar
posi tions 6,- Kdmtroiiver thealsepesiitntonsewird therdnneaeb case toar xyounti ng
poi nts and g}ce versa i.s carrieqhouts£geferablXlagsgggP case in

transf ormatidn %a?%%?.and alﬁ&rtkg?norérﬁqti% provi ded t at {Re "

set poi nt/ actreditipreonpar i son drakes piraderine tator east oie mslettiopliexer . For
preci se measygpmnt ; gf st he ackival angular spesitions.by i Ey1theyseof an

inclination sensor 1s provided. 15 Alternatively, the orientation of the
angul ar 1posiR3ohist 1S Ploftithel F hist! <&t Def Tl Mt otd ikP¥Etation to a
reference posidgifying actuating forces for the electromagnets of

the in each case four mounting points,
- determining the current vertical position in each
case for the in each case four mounting points,

20 - measuring the current vertical position z of the in
each case four mounting points and conversion into
actual centre coordinates, and
- comparing the actual centre coordinates with the
setpoint centre coordinates, determining the deviation

25 and repeating the preceding steps by specifying
corrected setpoint values as setpoint centre
coordinates until the deviation of the actual centre
coordinates from the setpoint centre coordinates 1is
Zero.

30
In a first refinement of the method according to the
invention, zero degrees 1is specified for the two

angular positions O, €.

35 In a further refinement of the invention, the setpoint
values for the angular positions &, ¢ are determined by
comparison of the actual angular positions &, ¢ and are

specified as setpoint centre coordinates for the



If the position of at |east one silicon wafer is used 20 as reference
position, a calibration can be carried out for each working position of the
gri pper. wo2x©Es47ati vely or in addition, the actual angaraP2pesstsbons 6, E
are neasured in each case with the aid 25 of distance sensors. It is also
possible to arrange in each case two di stance sensors in each case at a
defi ned di stance from one another on the gripper. 30 Furthernore, the
actual angul&r9poxi th o Bl oah e deasured with the aid of a distance sensor
noved along the x axis by a given anount. For exanple, a distance sensor
| ocated on the gripper can be noved by the 35 latter along the x axis. WD
2012/ 175473PCT7 EP2D12F662B6PL- B RETESsII et Hreini figs: Y/ FPgang:
showsar obot , @t ppedwkt hagrkiippenst ar, r emavitpg, handlddlg aadistensngfsilicon
waf ers 55 f{ﬁgnfg éggﬁ-éggQSPga}iﬂgu99§ndei“g rempval ;.  Fig. 2:.
g polifts and vice Vve&rsa is
carried out preferably in each case in a transformation

matrix.

Furthermore, it 1s provided that the setpoint/actual

10 comparison takes place in at least one multiplexer.

For precise measurement of the actual angular positions

5, &, the use of an inclination sensor is provided.

15 Alternatively, the orientation of the angular positions
5, & of the robot can be carried out in relation to a

reference position.

If the position of at least one silicon wafer i1s used
20 as reference position, a calibration can be carried out

for each working position of the gripper.

Alternatively or in addition, the actual angular
positions &, ¢ are measured in each case with the aid

25 of distance sensors.

It 1s also ©possible to arrange in each <case two
distance sensors 1in each case at a defined distance
from one another on the gripper.
30

Furthermore, the actual angular position & <can be
measured with the aid of a distance sensor moved along
the x axis by a given amount. For example, a distance
sensor located on the gripper can be moved by the

35 latter along the x axis.

The invention will be explained in more detail in the

following text by way of an exemplary embodiment. In



showst her obot accor di ngt oFi g. 1wi t ha si |l i conwaf erresti ngont hegri pperafter
renmoval ; 10 Fig. 3: showsaschematicillustrationofa

verti cal lwadpestradyBeact i vemagneti c bearing; 15 Fig. 4: PSh®R012/061660
three-dinensional illustration of the degrees of tilting freedomof a

gri pper of a robot for handling silicon wafers; Fig. 5& illustrates the

use of centre coordinates for 20
the associated drawings:

Fig. 1: shows a robot, equipped with a gripper, for
removing, handling and storing silicon wafers

5 from or in a transporting box during removal;

Fig. 2: shows the robot according to Fig. 1 with a
silicon wafer resting on the gripper after
removal;

10

Fig. 3: shows a schematic illustration of a

vertically adjustable active magnetic

bearing;

15 Fig. 4: shows a three-dimensional illustration of the
degrees of tilting freedom of a gripper of a

robot for handling silicon wafers;

Fig. 5: illustrates the use of centre coordinates for
20 central control in order to avoid

overdeterminedness at four mounting points;

Fig. 6: shows the schematic illustration of the
arrangement of actuators 1in the form of
25 active magnetic bearings and associated

distance sensors;

Fig. 7: shows the integration of transformation
matrices into the control structure for the z

30 axis;

Fig. 8: shows the schematic illustration of the
arrangement of the actuators in the form of
active magnetic bearings and associated

35 distance Sensors with an additional

inclination sensor;

Fig. 9: shows the factoring of the inclination sensor



central controlinordertoavoi d overdeterm nedness at four nounting points;
Fig. 6: showstheschenmaticillustrationofthe
ar r angenmewoabhext7ses or si nt hef or nof 25 acti vemagnet i cheacrmps@ndessoci at ed
di stance sensors; Fig. 7: shomsthein;ggnationoftransfornation matri ces
into the control structure for the z 30

into the —control structure according to

Fig. 7 for detecting the angle deviations &

and ¢; and

5 Fig. 10: shows a schematic illustration of the
determination of the angle deviation €

between the gripper and the silicon wafer.

Figs 1 and 2 1illustrate a robot 2, egquipped with a
10 gripper 1, for removing individual silicon wafers 3
from, or for storing them in, a transporting box 4 and
also for handling them during the removal of a silicon
wafer 3. In the transporting box 4, there is a wafer
stack 5, in which the silicon wafers 3 are stacked one
15 on top of another at a given spacing of currently
10 mm. The robot 2 rests on a carriage 10 that can be
moved horizontally along a transporting section. The
carriage 10 is mounted 1in a stationary frame 7 via
vertically adjustable magnetic bearings 6. The magnetic
20 bearing 6 allows a friction-free linear movement of the
carriage 10 in the stationary frame 7. Furthermore, on
the carriage 10 there 1s a likewise friction-free
lifting/rotating support 8, at the top end of which the
gripper 1 is arranged.
25
The lifting/rotating support 8 serves both for pivoting
the gripper 1 in a plane about the z axis (vertical
axis) and also for vertical positioning 1in a manner
corresponding to the vertical spacing of the silicon

30 wafers 3 located in the transporting box 4.

The gripper 1 located at the top end of the
lifting/rotating support 8 is guided in a friction-free
linear guide 9, which, by means of a linear drive (not
35 illustrated), allows a horizontal movement of the
gripper 1 along the x axis such that the gripper 1 can
be positioned in the transporting box 4 under a silicon

wafer 3 and be raised until the gripper has slightly



axis; Fig. 8  showstheschematicillustrationofthe

arrangenent of t heact uat or si nt hef orm of acti venagneti cbeari ngsandassoci at ed
35 di stwiocerpernsgsswi t hanaddi tional inclination sensor PCTHiPg012861666 hows
the factoring of the inclination sensor .- 6 - into the control structure
according to Fig. 7 for detecting the angle deviations 6 and E; and 5 Fig.
10: showsaschematicillustrati onofthe determ nation of the angle deviation E
bet ween t he Yritppser thad Terretticon swdfieon Frgsen ahds2chl |usl attéea robot

2, equipped Witdea@ can subsequently be removed from the
transporting box by a reverse movement of the gripper

1. 1Individual silicon wafers 3 are stored in the

5 transporting box 4 in the correspondingly reverse

order.

Fig. 1 shows the gripper 1, which is positioned under a
silicon wafer 3 in the wafer stack 5, in contact with a
10 silicon wafer 3 and Fig. 2 shows the silicon wafer 3
located on the gripper 1 following its removal from the

transporting box 4.

Fig. 3 1illustrates details of a vertically adjustable
15 active magnetic bearing 6 which can be moved on the
stationary support frame 7 with the aid of a linear

motor.

Fig. 4 shows a three-dimensional illustration of the
20 degrees of tilting freedom & and ¢ of the gripper 1 of
the robot 2 for handling silicon wafers 3. The degrees
of tilting freedom & and & can be adjusted by in each
case four Dbearing points having in each case one
adjustable magnetic bearing 6a, 6b, 6c, 6d of the
25 linear guide 9 for the movement of the gripper 1 along
the x axis, and by four bearing points having the
magnetic bearings 6e, 6f, 6g, 6h for the movement of
the carriage 10 in the support frame 7 along the vy
axis.
30
At these magnetic bearings 6, the respective air gap L,
i.e. the position of the floating part, can be adjusted
in the range of +- 1 mm in terms of control. The
necessary air gap can be specified by software without
35 a manual intervention being necessary. Given the
individual specification of this floating position per
bearing point e.g. for the x axis, i.e. the magnetic

bearings 6a, 6b, 6c, 6d, the angular positions & and ¢



10 gripper 1, for renoving individual silicon wafers 3 from or for storing
themin, a transporting box 4 and al so for handling themduring the renoval
of a siliworowaf7e4733. I n the transporting box 4, there PSTEPMARO168¢ ack 5,
in which the silicon wafers 3 are stacked one 15 on top of another at a

gi ven spacing of currently 10 mm The robot 2 rests on a carriage 10 that
can be noved horizontally along a transporting section. The carriage 10 is
mount ed i n &3t abforaiysiueanely efdiveépni dal | yhadpastsbloe ragneléc zbeari ngs
6. The magnefi,20 hearing 6 allows a friction-free |linear novenent of the
carriage 10 in the stationary frame 7. Furthernore, on the carriage 10
there is a likewise friction-free lifting/rotating support 8, at the top
end of vvhichm herg@kppeds hvioidarba@g@dtezﬁlf[@@néisétilrrg/ ratatddge sugport 8
serves bgt pi vot1: g aripper g bout the z @mrfs
(vertica am%ﬂr and“arsb? rgt’ ?mb%% Fl Al ﬁﬁa N °a fanneér“eor&spondi ng
to the vertioaitspaci ngosflttlhe Si I¢ccfotnr68D, waf ess 3 1®ocat ed liustirheed

transporting, hox. ¢ %lJAWﬁﬁrhpp@{%l bocat ed.at. theqt gBogad Ohet heqea

I|ft|ng/rotat|n upport ided in afriction-free’linear guide 9,

whi ch, by of? at ¢ nelae aH]Q]@e{nét CBStﬁFpﬁsﬁpétfe@))unﬁllpéwoanﬁ&| zont al
novenent of ftheypgihpper Irad.of éh%ax axbhs such gdhat shhe grd ppenhehcan be
positioned in the transportln under a silicon wafer and be rai sed
until thE gripigei Ras S5 ghty aqe710 H“rt"e]aetﬁélp%%ecfﬁa\ﬁée si'| fd6H waf er 3

such that therd@aties f:amsmbaeqmegt oy ibe sr embviedgheohe t beattagspekt,i ng box
by a reverse - fIovene of the gripper 1. Individual silicon wafers 3 are
stored in the 5 Q?ansportl ng box 4 in the correspondingly reverse order.
Fig. 1 shows the gripper 1, which is positioned under a silicon wafer 3 in

the wafer stack S ”f&PPé@EﬁgW EQxé‘ 10 gLl i E?Bn\é%%a%léﬂd Bicg. +2Shows
the silicon wafer 3 | ocated on the grlpper 1 followng its renoval fromthe

t ranspoffi ng’Box @1 FPgsisipppust afBs det aﬂﬁ@hofcaaﬁe\/e?@li”éamoﬁmédj“@st abl e
15 active mpgneti< beari nghdh i chpeanihg m@Vetkonv-d heostat hepary xsupport

frame 7 with th? ald Otiaslage%kﬁcrf%ed by way of example for the
magnetic bearings 6a, 6b, 6¢, 6d. To this end, first of
all, at each mounting point of the magnetic bearings
20 ba, 6b, 6c, 6d, the current vertical position zl, z2,
z3, z4 is determined by means of distance sensors 1lla,
11b, 11lc, 11d.

Fig. 6 shows the schematic illustration of the
25 arrangement of actuators in the form of active magnetic
bearings 6a, 6b, 6c, 6d and associated distance sensors
lla, 11b, 1l1lc¢, 11d for the =z axis, 1in order to

determine the actual vertical positions zl, z2, z3, z4.

30 Fig. 7 illustrates a schematic signal flow diagram for
an inner control circuit for position control according
to the invention in the =z axis and also the angular
positions & and ¢ about the x axis and vy axis,
regspectively. For position control in the =z axis and

35 the angular positions o) and £, the setpoint
specifications for the centre coordinates of the =z
axis, 1i.e. the vertical position to be controlled of

the gripper 1 and for the angular positions e.g. & = 0°



Fig. 4 shows a three-dinensional illustration of the 20 degrees of tilting
freedom6 and E of the gripper 1 of the robot 2 for handling silicon wafers
3. The deyoeer/10f47ilting freedom 6 and E can be adj ust @dThp20m/0em6h case

four bearing points having in each case Ei)n_e adj ust abl e magneti c bearing 6a,
6b, 6c, 6d of the 25 linear guide 9 for the novenent of the gripper 1 along
the x axis, and by four bearing points having the nagnetic bearings 6e, 6f,
6g, 6h for tdrd novemehtf ofrehe fdarst agef 102ila t Her3pport f pamé 174l ong t he

y axis. 30 Atythgsefmgnebic ReALhNGSa Ssed he Hagpechiivesai sngap, Lol - e. the
position of the floating part, can be adjusted in the range of +- 1 mmin
terms of corttQI2NTHe RetesSary & r-gap (CHmatd ¥pded ti e by soft Wae
Wit hp]lcj_t 35 atm?m@dhr_nhan:}'lﬁ:rrvembit@nxb_ei@g &e@es§ahy;eG d/@c_ﬁhfdh&aﬂétd} \air@Uﬁ.l
speci fication of thi oating posjtion per aring_point e.g. for .the x
e 1.8 I TGS | B boar T Re 5, “BBC L BLRBaURE e AnGUIPar SEds Filons 6
and E 8 carpdel adjrust edbensadeictiedn ctfo ithre position poithe zadi ©éction. In
order to avoid oygrdel ehyu nedness: d noLhe: £as€ .0k Sy MpHntLngpai nts,

0 po 0

centre coordi nates are use r centra rtion control, as is illustrated
schemat i cal IS23% Kiog. tBe MOWHsErT b@@1akévedat hed®i néar gbildec® e t he

gripper 1 coidpidisid OHEaPDHYEL NG LPGINY SmbiAnfBEGEtIG nheardNgssBa, o6h, 6c¢,

6d, and_the ]inear 10 guide of the carriage 10 in the support frame 7 al so
cont aj ngf ot nBlnt FRY PEAE i Hﬁ@ﬁé?gé'be%?ri%eg%p%@l%f, 26G L 26H A n the
foll owi ng texdrcddhertyansf orFant Fan aafe thedi-arerdd cal rpesiti ans afet he in

each case four mounti ng ipSoi nts of acplar(f)gnleti ( becgri ng at centre coordi nates

X, Y, Z, 6 and ETS olescrl bceodrrb%/s%ri/ 0 amn% € for the magneti ¢ beari ngs

6a, 6b, 6¢c, 6d. To this end, first of all, at each nounting point of the
magneti ¢ beafinuse2lctba, S Bhnbdinbhe QUnent yer biLabe posidian 21, 22

z3, z4 is determ ne means of di stance sensors 1lla, 11b, 11c, 11d. Fig.
6shows tRe s¥Hen®tfcSFFPasPFatiPdmest tHeected, 1f appropriate, via

feedback. To this end, the current vertical positions
zl, z2, z3, z4 are determined by way of the distance
sensors 1lla, 1lb, 1llc, 11d and the actual wvalues zl/',
z2', z3’, z4' passed on to a further transformation
20 matrix 16. Conversion into the actual wvalues z’, &', ¢’

takes place in the transformation matrix 16.

These actual values are then compared with the setpoint
values z, O, € 1in the first multiplexer 12. This

25 comparison takes place until zl = z1’, z2 = z2',
z3 = z3’ and z4 = z4'.

It goes without saying that the centre coordinates x,
f, z, & and ¢ for the mounting points of the magnetic
30 bearings oe, of, 6g, oh are determined in a

corresponding manner.

Fig. 8 shows the arrangement according to Fig. 6
supplemented by an inclination sensor 17, and Fig. 9
35 shows the inner control circuit according to Fig. 7
supplemented by an outer control circuit for
incorporating an inclination sensor 17 for sensing the

actual angular positions o, €. Thus, it is possible to



25 arrangenent of actuators in the formof active nmagnetic bearings 6a, 6b,

6c, 6d and associ ated di stance sensors 1la, 11b, 11c, lid for the z axis,
in order wo2detes4mBne the actual vertical positions zl, PEZ/EP2B2/08%60 30 Fi g.
7 illustrates a schematic signal flow diagramfor an inner control circuit

for position control according to the invention in the z axis and also the
angul ar positions 6 and E about the x axis and y axis, respectively. For
position cormretifih the ne@duseahdvadbi¢hefangull® pogitdONPOE1EZAIIE, t he

set poi nt spegi ficatiens H%ﬁe&h%dﬁﬂﬁiﬁ<99QM1H“§@StQ£ kbgs2 8% $re. €. the
verti cal p05|t|on to be controlled of the gripper 1 and for the angul ar

posi tions e P o' ToeanthE 3 1ok e SERFEE of £ aliSi nputeT n SR Pst

mul tipl exer diZ;cwhd cbapamdmsabsaﬂueélpn iin ean mcmm@eda maEnRexr to a
transfor tloq:natrlx 1 %h ansf ormati on nat% the centre

coor di nates H#r& 5 tonva P@d? s tPoint specifica %?‘ns Por the Vérti cal
position toehbxsebec@ede@tewhalnnuaiangopomwtsa6aef6benee,p©@l¢ﬁomhe
magneti c be S a n to:th LE oi 6a, 6b,
e 6d of 't he Maghar, c baari Tan AL TRaT EEaRE nd ol nt s ba. kb 6S” 10' 6
of the magnet¥anibleari gs, aBrrssporidi Mpracthedt i g ifesyeds oF | K2, TR, F4 are

produced as J&%&H}tlaﬂdt%her&§§é¢@9€olQ1|§199ééﬁsﬁgﬁékn9§ywﬂp&ﬁdlsThe
sel ect ed p03|t|ons then still, have to be checked 15 and t he setpoint val ues

correct ed, i HPPIUPr AR S ViR AT P e O HetCurtent verti ca

positions zl, z2, z3, z4 are determ ned by way of the distance sensors 1lla,

11b, 11lc a the tual val ues z|' z2' z3' z4! assed on to a
further trané?o?%a io Cg G FF%D % q%&&ﬁél%% Fﬁ?b %%t %C? ? vaﬁues z',

6', E take§ﬂpia@gugpﬁmelLramsfobﬁangommﬁnxbkelaxDTmanﬁmmmualt@@lues are
then compar e i dfi,d nen 561 POL Ny AL UES-2r Berfeb thE GlEshbemuhtizplexer 12
Thi s 25conpar|sontakesp aceunti | z4' .

It goeslwitHdir TayieRy thaiet he EénW@é @5oﬁéﬂﬁaﬁé§tﬁncﬁ SEDSQréné8E for the

nount i ng gomntlss ofnthe E@gn@ié@ agebﬁaﬂd n@ﬁGG‘m@%r@@dGhnaagﬁardeéQr rheed in a
correspondi ng manner the arran nt. according t

suppl ement e ﬁﬁP%ﬂPﬁn8ﬁ#ﬁ§t|%%fs& or O47°F |ﬁ% Byt C§§C§ﬁ6ms fhékgnner
contr ol ciHnngukﬂxxpmhﬂmpdm)é&qprdﬁmypmiemnyieﬁ by an outer contro
circuit for incorporating an inclination sensor 17 for sensing the actual

angul ar p05|t|ons 6, E. Thus, it is possible to
The two dlstance sensors 18 are incorporated into the

gripper 1 at a defined distance from one another and
determine the distance between the gripper 1 and the
silicon wafer 3 at a position on the x axis.
Alternatively, it is also possible for measurements to
25 be carried out at two positions on the x axis by only
one distance sensor 18, in that the gripper 1 is moved

by a specified amount along the x axis.

If the robot 1 is of multi-axis construction, the
30 described calibration can be shared out between all of
the air gaps of all of the magnetic bearings. In this
case, the four mounting points for the x axis with the
magnetic bearings 6a, 6b, 6c, 6d can also be used in a
corresponding manner for the four mounting points of

35 the magnetic bearings 6e, 6f, 6g, 6h for the y axis.

According to the method according to the invention, the

first and second magnetic bearings are first of all



- 10 - specify the neasured values for the angular positions 6, E to the
inner control circuit in the sense of pre-control. The inclination sensor
of the ouwerorans47el circuit can operate absolutely, i.@CTiRP201bAst1680 fi xed 5
setpoint value of O degrees is speC|f|eq or it can also be oriented in
relation to a reference position. Wth such a relative nmeasurenent, it is
possi bl e, for exanple, to achieve a parallel orientation of the gripper 1
with respectdioldesiiitconihateeh 3cabechoils TOPMAtoRPepPiptpodidei ofdd, as can

be seen fromd&ig 6d10 ok this end; dighanee senser s k8 Rfied niegrated into
the gripper 1, |t bei ng p055| ‘ble to determ ne the reI atlve angcle or angle

error betwediP e Y5 Pperr OF ahfie15%t hel si 14 cBiilwaf @pd 3 e

di stance sens0Ongsd8fofhicscantlgnlis theniusedsi B, arz: larnyeera@ﬁlﬂaan%mdas t he
set poi nt vaH:e for Ehe out er__cont.r ol %FCUIt of th gylar 05|t%on

accor di n 5758 THE Eio Hi st ARc8Senddrs 1%r%? PHEoY pordted into
the gri pper sletaftomtdefmheels difstande fueomiorel amothernandodétépnenett he
distance between; | he,gri At $oa0d ddisidd Gan alered akya gasi han on the
X axis. Alternative I's al so possible for neasurenents to

carried out & t&p ﬁé@lﬂﬂwns on the x axis by only one distance sensor 18,
in that the gripper 1 is noved by a specified amount along the x axis. If
the robot 1 is of multi-axis construction, the 30 descrlbed calibration can
be sharel outVHRAWESH Qi1 of *thB2hiRIgaps O5C &l | dflthe magheti c théari ngs.
In this cas&ﬂéduxdmngnénnnmfn@haointsatnrchhe XoaXI&owmtﬁnUh@oﬂﬂg@etlc

beari ngs 6a, 0. al so used a_carresp g nn r for t he
f our nDuntin doﬁ%%s of’ 3 th%ehagﬁétég béggi%rg g of the y

axis. dividetk i otoremt eaehtcase p@antn@nﬁtumgep@ﬂht@a%ﬁafOthhSClDGd 6e,
6f, 69, 6h) é?a{hdnt&?séefm %o&ﬁl@iﬂi& 590ndinak gs EBr khe Xqg,;YeeZ @4, s and

the set50|nt val ues for the angular positions 6, are defined’and’5 then
t hese séPpoitf: vablubs are t Fairsrarmsd i o §E?%%Vﬁ%n@alﬁé§ f GrEREtverti cal

set poi nt pos}éﬂtpﬂ:sapfpbbﬁtwneacfbfca@eef QHI JMUNtdEdge POLALS n(o@@,tl@@ 6c,

6d; 6e, 6h) ubsequent | ctu i ngf or F1- F4for
eIectronagmﬁéﬁQﬁ th% 1n BaCEQCa (ﬁ% nt? fg %B nf8d (§QDV§ESl§@ 6d;
6e, 6f, 69, BiYo areispecidntack ambﬁdnerrattdte current vertical positions in
each case for the in each case four nounting points (6a, 6b, 6c, 6d; 6e,
6f, 15 6g, 6h) are determ ned by measuring the current vertical position z
of the PA eddreraseheowctvsunt ¢t poi apsrféaatel, B 6dnrsecdefiitéy, 6h)

and conversign i fo-@eipal centre cogrdhnatess 2Qndhernet hgcagtyal,ncentre
coordi nates are conpared with the setpoint centre coordinates and the

devi ati on det&rTHMEES The above steps are repeated by specifying corrected
25 setpoint values as setpoint centre coordinates, until the deviation of
t he act ual cﬁptre coordlnates fromthe s(ﬁp%lnt cent%e.coordinat s Is zero.
bove steps are repeate y specifying corrected
25 setpoint values as setpoint centre coordinates, until
the deviation of the actual centre coordinates from the

setpoint centre coordinates is zero.

The described relative determination of the angular
30 position allows calibration for each working position
of the gripper 1, i.e. the orientation of the gripper 1
can be adjusted automatically to different wvalues at

different working positions.



The described relative determ nation of the angular 30 position allows

calibration for each working position of the gripper 1, i.e. the
ori ent at iw0 20f2/t7hg3gri pper 1 can be adj usted aut omati calPCy/HPeo1diobfees ent
values at different working positions. .- 12 - Method for calibrating a

robot nounted on active magnetic bearings 5 List of reference signs

1G i pper 10 2Robot 3Silicon wafer 4Transporting box 5Wafer stack 6Magnetic

bearing 15 7Frame/ support franme for carriage 8Lifting/rotating device

OLi near guide 10Carriage 11Di stance sensor 20 12Mul ti pl exer

13Transformation matrjx 14El ectromagnets t he active %.etlc beari ngs
Method for calibrating a robot mounted on active

magnetic bearings

List of reference signs

Gripper
10 Robot

Silicon wafer
Transporting box
Wafer stack
Magnetic bearing

15 Frame/support frame for carriage

O -1 O O b W N

Lifting/rotating device
9 Linear guide
10 Carriage
11 Distance sensor

20 12 Multiplexer

13 Transformation matrix
14 Electromagnets of the active magnetic bearings
15 Transformation matrix
16 Second multiplexer
25 17 Inclination sensor
18 Distance sensor
F Actuating force
L Air gap
30 o) Degree of tilting freedom/angular position

m

Degree of tilting freedom/angular position



15Transformati on matri x 16Second nul ti pl exer 25171 nclination sensor
18Di st ance sensor FActuating force LAir gap 30 6Degree of tilting

freedon’ anguber17p093i ti on EDegree of tilting freedonl angeCaEPp@iosicon - 13
- Method for calibrating a robot nounted.,on active nmagnetic bearings 5
Patent clains 1. Method for callbratlng a robot nounted on active nagnetic
beari ngs and having a gripper, which is 10 vertically positionable al ong
the z axis, for picking up and handling silicon wafers and depositing them
in a transporting box, in which a plurality of silicon wafers are storable

AT IV RL TR L RS L A T R L
along the y axis, characterizedm@ynetic bdaridgsg the first and second
nagnetlc bearlngs into in each case four nmounting points (6a, 6b, 206c, 6d;
6e, é 6h); defining the setpoint centre coordinates for the X, Y, Z
axi s and also t he setpoint val uesPébenthelaimmsl ar positions 6, E and
transformation of the setpoint values into setpoint values for the
1. Method for calibrating a robot mounted on active
magnetic bearings and having a gripper, which is
10 vertically positionable along the =z axis, for
picking wup and handling silicon wafers and
depositing them in a transporting box, in which a
plurality of silicon wafers are storable at a
fixed wvertical spacing, wherein the gripper 1is
15 displaceable in a first magnetic bearing along the
x axis and in a second magnetic bearing along the
y axis, characterized by
- dividing the first and second magnetic bearings
into in each case four mounting points (6a, 6b,
20 6c, 6d; 6e, 6f, 6g, 6h);
- defining the setpoint centre coordinates for the
X, Y, 7 axis and also the setpoint values for the
angular positions o, ¢ and transformation of the
setpoint wvalues into setpoint wvalues for the
25 vertical setpoint positions of the in each case
four mounting points (6a, 6b, 6c, 6d; o6e, 6f, 6g,
6h);
- specifying actuating forces F1-F4 for the
electromagnets of the in each case four mounting
30 points (6a, 6b, 6c, o6d; 6e, 6f, 6g, 6h);
- determining the current vertical position in each
case for the 1in each case four mounting points
(6a, 6b, 6c, 6d; 6e, 6f, 6g, 6h);
- measuring the current vertical position z of the
35 in each case four mounting points (6a, 6b, 6c, 6d;
be, 6f, 6g, 6h) and conversion into actual centre
coordinates;

- comparing the actual centre coordinates with the



25 vertical setpoint positions of the in each case four nounting points
(6a, 6b, 6¢c, 6d; 6e, 6f, 6g, 6h); specifyingactuatingforcesFl-F4forthe

el ect r omreyoebr/10f47Mhe i n each case four nounting 30poi NPET(EPAY126b1666C, 6d;
6e, 6f, 6g, 6h); determ ning the curren 4vgrtical position in each case for
the in each case four nmounting points (6a, 6b, 6c, 6d; 6e, 6f, 6g, 6h);
nmeasuring the current vertical position z of the 35 in each case four
mount i ng points (BEALPGLIL 6¢ceBdrebe, ceprdbgateh) ariklecormigrsion ithieo act ua

centre coordinat ess COMH | RGdt hecgetyahceptee coordinad essigdh the - 14
- setpoint centre coordi nates, determ ning the deviati on and repeating the
precedi ng steps BPIPEN I nGOEERFEEH eSS et POiint VialNGEs &% SEIPOIRT centre
coordi nates unti lcdihe deviaiidimaafed heirbact ualhecentse sadeirdi rat eshikr om t he
set poi nt _centre coq{dﬁpates IS zero.. 2. th?od aggordin% totCIaiqlL
charact efi zed i n That® 2erd degr e’ s epeti 188 f6r CREPPRS tangi 4’
10positions 6, Ec@&rdwtdioes accoralicng to Clainms 1 and 2, characterized in
that the setpoint values for the angular positions 6, E are determ ned by
conmparison of the 15 actual angular positions 6, E and are specified as
setpoi nt cemtre d%%ﬁ&ﬁ@wﬂ%ﬁpﬁQﬁn$h@oa£b®¥@r1po§PFFBﬁ§eﬁ}zE§ 4D [#Befod

according to Caifads chapadderiizedsphcthabta 200+ hericonversi anqefl atthe
centre cqordinates X, Y, Z and the angular positions 6, E into vertical
positions of the 597 dacH Td¥e $our nounting points (6a, 6b, 6¢, 6d; 6e, 6f,
6g, 6h) and vice versa is carried out in each case in a transformation

3. Method according to Claims 1 and 2, characterized
in that the setpoint wvalues for the angular
positions &, ¢ are determined by comparison of the

15 actual angular positions &, ¢ and are specified as
setpoint centre coordinates for the angular

positions o, €.

4. Method according to Claim 1, characterized in that

20 the conversion of the centre coordinates X, Y, Z
and the angular positions &, ¢ 1into vertical
positions of the in each case four mounting points

(6a, 6b, 6c, 6d; 6e, 6f, 6g, 6h) and vice versa is

carried out 1n each <case 1n a transformation

25 matrix (13; 15).

5. Method according to one of Claims 1 to 3,
characterized in that the setpoint/actual
comparison takes place in at least one

30 multiplexer.
6. Method according to one of Claims 1 to b5,

characterized in that the actual angular positions
5, & are measured by an inclination sensor.
35
7. Method according to one of Claims 1 to b5,
characterized in that the orientation of the

angular positions o, ¢ of the robot 2 is carried



25matrix (13; 15). 5. Method according to one of Clains 1 to 3,
characterizedi nt hatt heset poi nt/actual conpari sont akespl acei natl east one
30mul t i plwwen12/65478et hod according to one of Cains 1 t@®ChEPeHI2NaBHEri zed
in that the actual angul ar positions 6, are nmeasured by an inclination
sensor. 35 7. Method according to one of1 Clainms 1 to 5, characterized in
that the orientation of the angular positions 6, E of the robot 2 is
carried - 15 - oWt ¥ redlatom tlo & redfegrsicee posittiiom. 8. Met hod
according to Claim?7, characterized in that the positi on of at |east one
silicon wafer (1) is 5used as reference gosml on. t hod accordi ng to

Cainms 7 and 8, CHIHRY #5190 t hat CtAemadt u&f"aﬁﬁﬁﬁﬁﬁf"zﬁf}sﬂpl 5Hét6, E are
measured in each tCr&Sep(V\d;ithl@ﬂTleoﬂl dtofl edisst asree d0sensOrsa£4d8) .(110.4sMet hod
according to Claim?9, ch ar terlzed |ntthat in each case two di stance
sensors 318) are Lgasrerdanag reearbche dase at®'y defined di stance from 150ne
anot her on the gri pper (1) 11. Method according to Caim9, char act eri zed

in that the actughe 'é&c&?&i%OEOG dl%l%asﬂr%wst hch'&‘ia%‘t@,r‘i
di stance sensor (18) noved along the x 20axis by a given anmount
in that the actual angular positions &, ¢ are

measured 1in each case with the aid of distance

10 sensors (18).

10. Method according to Claim 9, characterized in that
in each case two distance sensors (18) are
arranged 1in each case at a defined distance from

15 one another on the gripper (1).

11. Method according to Claim 9, characterized in that
the actual angular position & is measured with the
aid of a distance sensor (18) moved along the x

20 axis by a given amount.



