
US 2011 002531 OA1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2011/0025310 A1 

Moura et al. (43) Pub. Date: Feb. 3, 2011 

(54) POSITION FEEDBACK FOR SELF BEARING Related U.S. Application Data 
MOTOR 

(62) Division of application No. 12/163,984, filed on Jun. 
27, 2008, now Pat. No. 7,834,618. 

(75) Inventors: Jairo Moura, Marlboro, MA (US); (60) Provisional application No. 60/946,686, filed on Jun. 
Martin Hosek, Lowell, MA (US); 
Jay Krishnasamy, Billerica, MA 27, 2007. 
(US); Jeff Paranay, Dracut, MA Publication Classification 
(US) (51) Int. Cl. 

C d Add GOID 5/2 (2006.01) 
orrespondence CSS 

Perman & Green, LLP (52) U.S. Cl. ................................................... 324/207.24 
99 Hawley Lane (57) ABSTRACT 
Stratford, CT 06614 (US) A sensing mechanism includes a magnetic source, a magnetic 

flux sensor, a sensor backing on which the magnetic source 
and flux sensor are mounted, and a ferromagnetic target, 
where the magnetic source, magnetic flux sensor, and ferro 
magnetic target are positioned to form a magnetic circuit from 

(73) Assignee: BROOKS AUTOMATION, INC., 
Chelmsford, MA (US) 

(21) Appl. No.: 12/901,146 the magnetic source to the target, from the target to the sensor, 
and returning to the magnetic source through the sensor back 

(22) Filed: Oct. 8, 2010 ing. 

3OO 

105 

STATION3 STATION4 

115 

LAND PORT 
MODULES 

115 

  

  

  



Patent Application Publication Feb. 3, 2011 Sheet 1 of 21 US 2011/002531.0 A1 

  



Patent Application Publication Feb. 3, 2011 Sheet 2 of 21 US 2011/002531.0 A1 

200\ 
W 

240 

  



Patent Application Publication Feb. 3, 2011 Sheet 3 of 21 US 2011/002531.0 A1 

105 

LAND PORT 
MODULES 

  



Patent Application Publication 

STATOR ROTOR 
435 430 425 

A. W i. t 4. 40 \S 

400 

BACKING 

42O ROTOR MAGNET 

Feb. 3, 2011 Sheet 4 of 21 US 2011/002531.0 A1 

ROTOR 

BNG STOR 
435 415 

410 

450 
ATMOSPHERIC 
SOLATION WALL 

FIG. 4 

N N 2 44 5 

  

  

    

  

  

  

  



Patent Application Publication Feb. 3, 2011 Sheet 5 of 21 US 2011/002531.0 A1 

ROTORBACKING, 
(FERROMAGNETIC) 

510 

525 
SOLATION WALL 
(NON-MAGNETIC) 

535 GAP 
500 

550 

545 READ-HEAD 

53O SIGNAL 
TODAFA 

PERMANENT 
MAGNET 

  

  

  

    

  



Patent Application Publication Feb. 3, 2011 Sheet 6 of 21 US 2011/002531.0 A1 

  



Patent Application Publication Feb. 3, 2011 Sheet 7 of 21 US 2011/002531.0 A1 

705 

PROPULSION DIRECTION 

FIG. 7 

  



Patent Application Publication Feb. 3, 2011 Sheet 8 of 21 US 2011/002531.0 A1 

835 
830 INCREMENTALTRACK 

FIG. 8 

  



Patent Application Publication Feb. 3, 2011 Sheet 9 of 21 US 2011/002531.0 A1 

910 
ROTOR 

PERMANENT PERIENT HOSFOORE 
MAGNET MAGNET 

915 CONNECTION TO ROTOR 

905 PERMANENT 
INCREMENTAL MAGNET 

MAGNETIC TRACK 

FIG 9B 
FIG. 9A 

  



Patent Application Publication 

1005 

Y 

S 4 3 

1 

SENSORNUMBERAND CORRESPONDINGDIGITAL OUTPUTS 

Feb. 3, 2011 Sheet 10 of 21 US 2011/002531.0 A1 

ANGULAR 
POSITION 
(DEG) 

SO 
2 4 
3 6 

7 

481 
2 

2 
8 4 

1 92 
204 
216 
228 
240 
252 

1 O 

O || 1 || 0 || 300 
32 

O 1 324 

1 || 0 || 1 || 360 
FIG 10 

l 

2 7 6 
2 8 8 

  

  

    





Patent Application Publication Feb. 3, 2011 Sheet 12 of 21 US 2011/002531.0 A1 

  



Patent Application Publication Feb. 3, 2011 Sheet 13 of 21 US 2011/002531.0 A1 

ABSOLUTE SCALE 
1305 

1350 
MAGNETS 

  



Patent Application Publication Feb. 3, 2011 Sheet 14 of 21 US 2011/002531.0 A1 

ROTORBACKING 
(FERROMAGNETIC) 1425 1460 

1410 SOLATION WALL 

NNN (NON-MAGNETIC) 
142O N N N WNS NWNS N SN 1445AbS SENSOR 

N 3. N 145OGAPSENSOR 
N s N 1435 GAPTRACKSCALE 

1415 N 4s. 1455 NC SENSOR 
ROTOR N N14 NCTRACKSCALE 
EE N 

FIG. 14 

  

  

  

  

  

  



US 2011/002531.0 A1 Feb. 3, 2011 Sheet 15 of 21 Patent Application Publication 

FIG. 15 

  



US 2011/002531.0 A1 Feb. 3, 2011 Sheet 16 of 21 Patent Application Publication 

  

  



US 2011/002531.0 A1 Feb. 3, 2011 Sheet 17 of 21 Patent Application Publication 

0 
9 
| 

HOSSE|00}}d 

  



Patent Application Publication Feb. 3, 2011 Sheet 18 of 21 US 2011/002531.0 A1 

213OA 

2130C 213OB 

FIG. 18 

  



Patent Application Publication 

4 
00= 24 = (d+ d2+ d+ d4)(4). 31.4 

--- - 

223OB 

US 2011/002531.0 A1 Feb. 3, 2011 Sheet 19 of 21 

APPROXMATION: 

4. 

at 4-1 2 3 4.4-3. 
FIG. 19 

  

  

  

  

  

  



Patent Application Publication 

y Sy 

2O2O 
y DISPLACEMENT 
SENSOR PAR 

All asŽs 

2025 X2 
XDISPLACEMENT 
SENSORPAIR 

FIG. 20A 

2040 

X (y1) 2045 

2050 

2O55 xy)-1S N. 

FIG.20B 

Feb. 3, 2011 Sheet 20 of 21 US 2011/002531.0 A1 

2OOO 

2010 WINDINGS 

2O35ROTOR MAGNETS 

2003 STATOR 

2005 STATORBACKING 

X 

  

  

  

  

  

  

  



US 2011/002531.0 A1 Feb. 3, 2011 Sheet 21 of 21 Patent Application Publication 

/ \ / \ \/ 
2,5 , , 0 

0 
6 

0 

  



US 2011/002531.0 A1 

POSITION FEEDBACK FOR SELF BEARNG 
MOTOR 

0001. This is a divisional of U.S. patent application Ser. 
No. 12/163,984, filed 27 Jun. 2008, which claims the benefit 
of U.S. Provisional Patent application 60/946,686, filed 27 
Jun. 2007, both of which are incorporated by reference herein 
in their entirety. 
0002 This application is related to U.S. patent application 
Ser. No. 1 1/769,688, filed 27 Jun. 2007, U.S. patent applica 
tion Ser. No. 1 1/769,651, filed 27 Jun. 2007, U.S. Provisional 
Patent application 60/946,693, filed 27 Jun. 2007, and U.S. 
Provisional Patent application 60/946,687, filed 27 Jun. 2007, 
all of which are incorporated by reference herein in their 
entirety. 

BACKGROUND 

0003. The presently disclosed embodiments are directed 
to determining position, in particular to providing non-con 
tact and non-invasive position determination for a motor. 

BRIEF DESCRIPTION OF RELATED 
DEVELOPMENTS 

0004 Motor systems may require measurements of eccen 
tricity and orientation of a reactive element, such as a rotor, in 
order to maintain a desired gap between a stator and the 
reactive element to produce a desired amount of motive force, 
axial and radial stiffness, and to properly control motion of 
the reactive element. For example, in a selfbearing motor, the 
gap information may typically be obtained from proximity 
sensors that may detect gaps between the stator and the rotor 
at various locations. The proximity sensors are often comple 
mented by another measurement device, such as a position 
resolver, which determines the orientation of the rotor with 
respect to the stator. 
0005. In certain applications, materials must be processed 
in a controlled, clean atmosphere where microscopic con 
taminates may represent a severe problem. In those applica 
tions, cleanliness may be directly related to yield, which may 
in turn affect cost. Other applications may include processing 
steps utilizing hostile atmospheres of highly corrosive gases 
and high temperatures. Motors with contact bearings may 
wear, produce particulate contamination, and eventually fail 
due to the hostile environment. Bearings may also exhibit an 
unacceptable amount of vibration and play before failing. 
While self-bearing motors may provide a viable alternative 
for these applications, it would be undesirable to penetrate or 
invade the hostile environment with cables or other conduc 
tors in order to measure the exact position of the reactive 
element. Optical techniques may also be disadvantageous 
because they may require a “window' into the hostile envi 
ronment that may likewise compromise the integrity of an 
enclosure containing the environment. 
0006. It would be advantageous to provide a system of 
sensors and scales attached to a motor reactive element Such 
as a rotor to provide accurate position and eccentricity mea 
SurementS. 

0007. It would also be advantageous to have a sensor sys 
tem that utilizes magnetic flux density in order to accurately 
measure the position of a rotor and to accurately measure the 
scales that may be attached to or integral with the reactive 
element. 
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0008. It would be also be advantageous to have a motor 
feedback system that simultaneously measures the eccentric 
ity and orientation of the rotor with respect to the stator 
without using two types of sensors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009. The foregoing aspects and other features of the dis 
closed embodiments are explained in the following descrip 
tion, taken in connection with the accompanying drawings, 
wherein: 
0010 FIGS. 1A and 1B show schematic diagrams of 
exemplary motors suitable for practicing the disclosed 
embodiments; 
0011 FIG. 2 shows an exemplary robot transport in which 
the exemplary embodiments may be utilized: 
0012 FIG. 3 shows an exemplary substrate processing 
apparatus in which the exemplary embodiments may be uti 
lized; 
0013 FIG. 4 shows a schematic diagram of a self bearing 
motor utilizing the exemplary embodiments; 
0014 FIG. 5 shows an exemplary sensing mechanism 
according to the disclosed embodiments; 
0015 FIG. 6 shows a magnetic circuit equivalent of the 
sensing mechanism of FIG. 5; 
0016 FIG. 7 shows an exemplary incremental scale: 
0017 FIG. 8 shows another exemplary sensor system 
embodiment; 
0018 FIGS. 9A and 9B show additional incremental scale 
exemplary embodiments; 
(0019 FIG. 10 shows a Gray code pattern; 
0020 FIG. 11 shows an example of a single scale for 
indicating absolute position; 
0021 FIG. 12 illustrates an exemplary sensor output 
change; 
0022 FIG. 13 shows an exemplary embodiment with mul 
tiple scales located on the same diameter, 
0023 FIG. 14 shows a multiple sensor system; 
0024 FIG. 15 shows another exemplary sensor system 
suitable for use with the embodiments described: 
0025 FIG. 16 shows an exemplary arrangement of mag 
netic sensors around a ferromagnetic element; 
0026 FIG. 17 illustrates a portion of a drive section incor 
porating aspects of an exemplary embodiment; 
0027 FIG. 18 is a schematic illustration of a feedback 
system in accordance with an exemplary embodiment; 
0028 FIG. 19 is a schematic illustration of a feedback 
system in accordance with an exemplary embodiment; 
0029 FIGS. 20A and 20B show additional embodiments 
for providing displacement measurement of a rotor using a 
plurality of sensor sets; and 
0030 FIG. 21 shows an embodiment where sensor sys 
tems are used to read a scale. 

DETAILED DESCRIPTION OF THE 
EXEMPLARY EMBODIMENTS 

0031. Although the presently disclosed embodiments will 
be described with reference to the drawings, it should be 
understood that they may be embodied in many alternate 
forms. It should also be understood that. In addition, any 
Suitable size, shape or type of elements or materials could be 
used. 
0032. The exemplary embodiments are directed to posi 
tion sensing systems for motors that provide a desired level of 
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accuracy and repeatability. Additional embodiments include 
systems for use with motors in hostile or clean environments, 
in particular, robot drive applications where the rotor and 
stator may be atmospherically isolated from each other. 
0033 FIG. 1A shows a schematic diagram of an exem 
plary motor 10 suitable for practicing the embodiments dis 
closed herein. Although the presently disclosed embodiments 
will be described with reference to the drawings, it should be 
understood that they may be embodied in many alternate 
forms. It should also be understood that any suitable size, 
shape or type of elements or materials could be used. 
0034 Motor 10 includes an reactive element 11, in this 
embodiment in the form of a rotor, winding sets 12, 15, and a 
stator 14. The embodiment of exemplary motor 10 depicted in 
FIG. 1 is shown as having a rotary configuration, although 
other embodiments may include linear configurations as will 
be described below. Rotor 11 may have any suitable construc 
tion. The rotor 11 may have one or more magnetic sources 
mounted thereon, for example, permanent magnets, electro 
magnets or other types of magnetic sources. Winding sets 12, 
15 may include one or more windings and may be driven by 
current amplifier 25 which may include software, hardware, 
or a combination of software and hardware suitable for driv 
ing the winding sets. The current amplifier 25 may also 
include a processor 27, a commutation function 30 and a 
current loop function 35 for driving the winding sets. The 
commutation function 30 may supply current for one or more 
windings of each winding set according to a set of specified 
functions, while the current loop function 35 may provide a 
feedback and driving capability for maintaining the current 
through the windings as Supplied. The processor 27, commu 
tation function 30, and current loop function 35 may also 
include circuitry for receiving feedback from one or more 
sensors or sensor Systems that provide position information. 
Each current amplifier disclosed herein includes circuitry, 
hardware or software in any combination as required to per 
form the functions and computations for the disclosed 
embodiments. 
0035 FIG. 1B shows another exemplary embodiment 
having a linear configuration. Motor 20 includes an reactive 
element 21, in this embodiment having the form of a platen, 
winding sets 22, 24 and a stator 45. Similar to the embodiment 
of FIG. 1, platen 21 may have one or more magnetic sources 
mounted thereon, for example, permanent magnets, electro 
magnets or other types of magnetic sources. Platen 21 may be 
constructed in any Suitable manner and winding sets 22, 24 
may include one or more windings. 
0036 Both motors 10, 20 may utilize a minimal air gap 
and ferromagnetic materials to affect a Substantial gain in the 
magnetic flux density across the air gap which in turn pro 
duces desired axial and tilt stiffness. It would be advanta 
geous to precisely measure the position of the reactive ele 
ment of the motors 10, 20. 
0037. An exemplary robot transport 200 is shown in FIG. 
2. The transport may include at least one arm having an upper 
arm 210, a forearm 220 and at least one end effector 230. The 
end effector may be rotatably coupled to the forearm and the 
forearm may be rotatably coupled to the upperarm. The upper 
arm may be rotatably coupled to, for example a drive section 
240 of the transport apparatus which may include one or more 
of motors 10, 20 above. 
0038 An exemplary substrate processing apparatus 300 is 
shown in FIG. 3 incorporating features of the exemplary 
embodiments. In this example the processing apparatus 300 is 

Feb. 3, 2011 

shown as having a general batch processing tool configura 
tion. In alternate embodiments the tool may have any desired 
arrangement, for example the tool may be configured to per 
form single step processing of Substrates. In other alternate 
embodiments, the Substrate apparatus may be of any desired 
type such as sorter, stocker, metrology tool, etc. The Sub 
strates 215 processed in the apparatus 100 may be any suit 
able Substrate including, but not limited to, liquid crystal 
display panels, semiconductor wafers, such as a 200 mm, 300 
mm, 450 mm wafers or any other desired diameter substrate, 
any other type of Substrate Suitable for processing by Sub 
strate processing apparatus 100, a blank Substrate, or an 
article having characteristics similar to a Substrate, such as 
certain dimensions or a particular mass. 
0039. In this embodiment, apparatus 300 may generally 
have a front section 105, for example forming a mini-envi 
ronment and an adjoining atmospherically isolatable section 
110, which for example may be equipped to function as a 
vacuum chamber. In alternate embodiments, the atmosphere 
isolated section may hold an inert gas (e.g. N2) or any other 
isolated and/or controlled atmosphere. 
0040. In the exemplary embodiment, front section 105 
may generally have, for example one or more Substrate hold 
ing cassettes 115, and a front end robot arm 120, similar to 
that shown in FIG. 2. The front section 105 may also, for 
example, have other stations or sections such as an aligner 
162 or buffer located therein. Section 110 may have one or 
more processing modules 125, and a vacuum robot arm 130 
which also may be similar to that shown in FIG. 2. The 
processing modules 125 may be of any type such as material 
deposition, etching, baking, polishing, ion implantation 
cleaning, etc. 
0041 As may be realized the position of each module, 
with respect to a desired reference frame, such as the robot 
reference frame, may be registered with controller 170. Also, 
one or more of the modules may process the substrate(s) 195 
with the substrate in a desired orientation, established for 
example using a fiducial (not shown) on the Substrate. Desired 
orientation for Substrate(s) in processing modules may also 
be registered in the controller 170. Vacuum section 110 may 
also have one or more intermediate chambers, referred to as 
load locks. 

0042. The embodiment shown in FIG. 3 may have two 
load locks, load lock A135, and load lock B140. Load locks 
A and B operate as interfaces, allowing Substrates to pass 
between front section 105 and vacuum section 110 without 
violating the integrity of any vacuum that may be present in 
vacuum section 110. Substrate processing apparatus 100 gen 
erally includes a controller 170 that controls the operation of 
substrate processing apparatus 100. Controller 170 has a pro 
cessor and a memory 178. In addition to the information 
noted above, memory 178 may include programs including 
techniques for on-the-fly substrate eccentricity and misalign 
ment detection and correction. Memory 178 may further 
include processing parameters, such as temperature and/or 
pressure of processing modules, and other portions or stations 
of sections 105,110 of the apparatus, temporal information of 
the substrate(s) 215 being processed and metric information 
for the Substrates, and program, Such as algorithms, for apply 
ing this ephemeris data of apparatus and Substrates to deter 
mine on the fly substrate eccentricity. 
0043. In exemplary apparatus 300, front end robot arm 
120, also referred to as an ATM robot, may include a drive 
section 150 and one or more arms 155. At least one arm 155 
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may be mounted onto drive section 150 which may include 
one or more motors similar to those of FIGS. 1A and 1B 
above. At least one arm 155 may be coupled to a wrist 160, 
which in turnis coupled to one or more end effector(s) 165 for 
holding one or more substrate(s) 215. End effector(s) 165 
may be rotatably coupled to wrist 160. ATM robot 120 may be 
adapted to transport Substrates to any location within front 
section 105. For example, ATM robot 120 may transport 
Substrates among Substrate holding cassettes 115, load lock A 
135, and load lock B140. ATM robot 120 may also transport 
substrates 215 to and from the aligner 162. Drive section 150 
may receive commands from controller 170 and, in response, 
direct radial, circumferential, elevational, compound, and 
other motions of ATM robot 120. 

0044. In the exemplary embodiment, vacuum robot arm 
130 may be mounted in central chamber 175 of section 110. 
Controller 170 may operate to cycle openings 180, 185 and 
coordinate the operation of vacuum robot arm 130 for trans 
porting Substrates among processing modules 125, load lock 
A 135, and load lock B 140. Vacuum robot arm 130 may 
include a drive section 190 and one or more end effectors 195. 
In other embodiments, ATM robot 120 and vacuum robot arm 
130 may be any suitable type of transport apparatus, for 
example, a SCARA-type robot, an articulating arm robot, a 
frog leg type apparatus, or a bi-symmetric transport appara 
tuS 

0045 Referring now to FIG. 4 a schematic diagram of a 
self bearing motor 400 is shown that may be employed in, for 
example, drive section 240 of transport robot 200. Self bear 
ing motor 400 includes a rotor 410 and a stator 415. A single 
rotor/stator combination is shown in FIG. 4 for exemplary 
purposes only and it should be realized that the motor 400 
may include any suitable number of rotors having any Suit 
able configuration. In the exemplary embodiment of FIG. 4. 
the stator 415 may be substantially similar to, for example, the 
stator 14 of FIG. 1 described above. Correspondingly, the 
rotor 410 may also be substantially similar to rotor 11 of FIG. 
1. Rotor 410 may be constructed of for example, a ferromag 
netic material and may include permanent magnets 420 and 
an iron backing 425. 
0046. In other alternate embodiments the permanent mag 
nets may be replaced with any Suitable ferromagnetic mate 
rial for interacting with the stator, including other types of 
magnetic sources, for example, electromagnets. The rotor 
magnets 420 may include an array of magnets having alter 
nating polarities mounted around a periphery of the rotor. The 
periphery of the rotor may be an internal peripheral wall oran 
external peripheral wall of the rotor. In alternate embodi 
ments the magnets 420 may be embedded within the rotor. In 
other alternate embodiments, the magnets 420 may be located 
at any suitable location on or in the rotor 410. 
0047. The stator 415 may include windings sets which 
when energized drive the rotor rotationally, radially and/or 
axially. In this exemplary embodiment the stator 415 may be 
constructed of a ferromagnetic material but in alternate 
embodiments the stator may be constructed of any suitable 
material (in the case of non magnetic material stator, mag 
netic material may be included in the stator to provide for 
passive levitation. The interaction between the stator 415 and 
the rotor magnets 420 may produce passive forces in the 
direction of arrow 430 that passively levitate the rotor 410. 
Radial or attractive forces may be generated as a result of the 
magnetic flux lines 435 in the directions of for example, 
arrows 440, 445. These attractive forces may create an 
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unstable condition Such that the windings may be energized to 
actively center and/or position the rotor radially to maintain 
the geometric center of the rotor/axis of rotation at a desired 
location. 

0048. It should be noted that in the exemplary embodiment 
of FIG. 4 the rotor 410 is isolated from the stator 415 by a wall 
450 that allows the rotor 410 to operate in a different envi 
ronment from the stator 415, for example, a vacuum. Wall 450 
may be constructed of a non-magnetic material thus allowing 
magnetic force to traverse the wall between the rotor 410 and 
Stator 415. 

0049 Turning now to FIG. 5, the principles of a sensing 
mechanism 500 according to the disclosed embodiments will 
now be explained. The embodiment of FIG. 5 shows a ferro 
magnetic target, for example a ferromagnetic backing 510. 
The ferromagnetic backing may be attached to a reactive 
motor element, for example, a rotor 505. The rotor 505 may 
have one or more permanent magnets 515. The rotor may be 
enclosed within a chamber 525 capable of supporting an 
environment different from that outside the chamber, for 
example a vacuum, high temperature, or corrosive atmo 
sphere. The chamber 525 may be constructed of a nonmag 
netic material. The rotor 505 may be driven by one or more 
coils 520 located outside the chamber 525. 

0050. The sensing mechanism 500 includes a read head 
545 having a magnetic source 530 and a sensor 540 mounted 
on a sensor backing 550. In this embodiment, the sensing 
mechanism implements a magnetic circuit or flux loop path 
formed from the magnetic source 530, an air gap 555 between 
the magnetic source 530 and the ferromagnetic target, in this 
embodiment rotor backing 510, a path 560 through the rotor 
backing 510, a return path through the air gap 535 to the 
sensor 540, returning to the magnetic source 530 by way of 
the sensor backing 550. The magnetic flux loop path is con 
tinuously closed and the sensor 540 is capable of determining 
the magnetic flux intensity which is dependent on, among 
other factors, the distance between the magnetic source 530 
and the rotor backing 510. In at least one embodiment, the 
sensor 540 has an output that uniquely correlates the mag 
netic flux intensity with the distance between the magnetic 
source and the ferromagnetic target. Magnetic source 530 
may include one or more permanent magnets, electromagnets 
or any other suitable magnetic source. Sensor 540 may 
include one or more magnetic flux sensors, Hall effect, mag 
neto resistive, or any other type of sensor Suitable for sensing 
magnetic flux. 
0051 FIG. 6 shows the magnetic circuit equivalent of the 
sensor mechanism of FIG. 5. The magnetic source 530 is 
represented by a constant flux source (pr and a magnetic 
Source reluctance Rim in parallel. The intensity of the mag 
netic flux (p depends on the reluctance of the air gap 555 from 
the magnetic source 530 to the rotor backing 510 in combi 
nation with the air gap 535 from the rotor backing 510 to the 
sensor 540, represented as 2Rg, the magnetic source reluc 
tance Rim, the reluctance of the rotor backing R and reluc 
tance of the sensor backing R. The magnetic source reluc 
tance Rim, the reluctance of the rotor backing R and 
reluctance of the sensor backing R may be relatively con 
stant. The air gap reluctance 2Rg is directly dependent on the 
distances between the magnetic source 530 and the rotor 
backing 510 and between the rotor backing 510 and the sensor 
540, and thus may be uniquely correlated with those distances 
as they vary. Thus, the position of the rotor backing along 
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distances 535, 555 may be determined without any invasion 
of the chamber 525 and no sensing devices within the cham 
ber 525. 

0052 Still referring to the exemplary embodiment of FIG. 
5, two scales may be defined on the rotor 505 in order to 
determine the rotor position to a desired level of resolution. 
The scales mat be positioned and constructed to cause varia 
tions in the magnetic flux intensity determined by sensor 540. 
The sensor output may then vary according a particular por 
tion of the scale affecting the sensor, thus providing a position 
indicator. For example, a first scale may provide a high reso 
lution incremental position with signal interpolation and a 
second scale may provide an absolute position of the rotor 
505 within one cycle of the first incremental scale. 
0053 An exemplary incremental scale 705 is depicted in 
FIG. 7. FIG. 7 shows sensor systems 720,725 on one side of 
a wall 730 of a chamber, for example chamber 525 that 
interact with incremental scale 705. While shown in this 
example as a linear Scale for simplicity, it should be under 
stood that both the incremental and absolute scales discussed 
above may also have rotary configurations. Incremental scale 
705 may include a profile 710 having a regularly spaced tooth 
pitch 715. Other regular patterns may be utilized on the incre 
mental scale so long as they are suitable for indicating incre 
mental positions along the scale. Incremental scale 705 may 
be machined from a Suitable material and rigidly applied to 
rotor 505. In other embodiments scale 705 may be molded 
into, machined into, or otherwise made integral with rotor 
505. The sensor systems 720,725 each include a sensor 740, 
755, respectively and a magnetic source 745, 765, respec 
tively. Sensors 740, 755 may provide an analog or digital 
output. The sensor systems 720, 725 are positioned in this 
embodiment such that a sensor 740 and a magnetic source 745 
of a sensor System, for example, sensor System 720, are at the 
same position relative to a pitch of the incremental scale 705. 
In other words, the center distance 750 between a correspond 
ing sensor 740 and magnetic source 745 of the same sensor 
system 720 may be set approximately to an integer pitch 
number 715 of the incremental scale 705. Sensor systems 
720, 725 may be located a fractional incremental scale pitch 
distance 13 from each other, such that their output may be for 
example, 90 degrees out of phase, due to different air gap 
reluctance along the sensor path. 
0054) In at least one embodiment sensors 740, 755 may 
provide sine?cosine-like analog signals as outputs. In some 
embodiments a combined output of sensors 740, 755 may 
include a quadrature count. As a result, an incremental posi 
tion may be determined as the result of the quadrature count 
of the sine waves plus an interpolated position within a par 
ticular sine cycle. Actual resolution may depend on the num 
ber of bits of an analog to digital converter used to digitize the 
analog outputs as well as the noise level present in the outputs. 
While each sensor and magnetic source are oriented along a 
line parallel to the pitch of the scales, or of the pattern used to 
indicate incremental positions along the scales in FIG. 7. 
other orientations of the sensors and magnetic Sources are 
also contemplated. 
0055 Another exemplary sensor system embodiment is 
shown in FIG.8 which depicts a sensor system 820 and a rotor 
825 having an incremental scale 835 positioned in a chamber 
830. In FIG. 8, a magnetic source 810 and a sensor 815 of the 
sensor System 820 are oriented along a line perpendicular to 
the pitch of the pattern used to indicate incremental positions 
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along the scale. Thus, both the sensor and Source face the 
same portion of the pattern on the scale. 
0056 FIGS. 9A and 9B show exemplary embodiments 
with different incremental scale locations. In the embodiment 
of FIG. 9A the incremental scale 905 is set off from the rotor 
910 and thus is independent from the rotor diameter. In some 
embodiments, incremental scale 905 may be directly coupled 
to rotor 910, for example, by a shaft or other device 915. In 
other embodiments, incremental scale 905 may be indirectly 
coupled to rotor 910 using any suitable indirect coupling 
device or method. In FIG. 9B the incremental scale 925 is 
integrated into an inner diameter of the rotor 930. It should be 
noted that the rotor magnets can be magnetically isolated 
from the incremental scale by properly sizing the rotor back 
ing thickness and height. 
0057. As mentioned above, two scales may be defined on 
a rotor to measure positioning, an incremental scale and an 
absolute position scale. In at least one embodiment, the abso 
lute position scale may include additional position informa 
tion required to uniquely locate the rotor position. Absolute 
position encoders are generally able to provide a unique loca 
tion without any referencing motion. Typically, Such encod 
ers may require several scales, where each scale may be read 
by an independent sensor System. The number of scales may 
dictate the number of bits of the absolute position encoder and 
consequently its resolution. In an embodiment using a digital 
absolute position scale, a digital absolute position may be 
read by a number of independent sensors each facing its 
respective scale. Each sensor may provide the state of one 
respective bit of a word that defines a digital position. A 
classical example of a pattern 1005, referred to as a Gray code 
with 5 bits is shown in FIG. 10. Each row of the pattern 1005 
includes a 5 bit word that indicates an absolute position, in 
this embodiment expressed as an angular position in degrees. 
S4 represents the most significant bit of each 5 bit word and 
each word differs from the next one by only one single bit, 
typical of a Gray code sequence. 
0.058 An absolute position may be obtained by utilizing a 
single digital scale attached to a rotor. In order to read an 
absolute digital position, a set of sensors may be placed facing 
the absolute track at a certain interval relative to each other. 
The number of sensors may determine the number of bits for 
the absolute position. The use of a single scale design is 
advantageous since it allows for a smaller footprint of the 
design. The bit pattern sequence of the single scale may also 
have the form of a Gray code, that is, where only one bit 
changes at a time. 
0059 FIG. 11 shows an example of a single scale 1105 for 
indicating absolute position. The single scale 1105 has a 
pattern that mimics the pattern shown for S4 in FIG. 10. By 
locating five sensors S0 1110, S11115, S21120, S3 1125, S4 
1130 around the scale 1105 in specific locations, the sensors 
generate the sequence of FIG. 10 as the pattern rotates, thus 
generating absolute position indications for an attached rotor. 
It is important to understand that a scale may be constructed 
that utilizes any number of bits suitable for providing a 
desired positional resolution. The single absolute scale may 
be utilized in combination with an incremental scale, for 
example 1135 in FIG. 11 and an incremental scale sensor 
1140. 

0060. In another embodiment, the single absolute scale 
1105 of FIG. 11 may be used alone to simultaneously gener 
ate a digital absolute position and an interpolated incremental 
position within the resolution of the digital absolute position. 
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As mentioned above, the magnetic sensors may be capable of 
providing digital or analog outputs. In embodiments where 
the magnetic sensors are capable of providing analog outputs 
a digital output pattern of an absolute position scale may be 
generated from the analog output signals by setting thresh 
olds for determining when a bit of the pattern changes. At the 
same time the analog value of the changing signal may be 
measured and the changing analog values may be utilized to 
determine a position with additional resolution than that pro 
vided by the single absolute scale. For example, a digital 
signal processor may be utilized to measure the outputs of the 
sensors, sensing both the digital output of the sensors accord 
ing to the set thresholds as well as the instantaneous analog 
output of the sensor that is undergoing a single bit change. 
This instantaneous analog output may be used to generate the 
interpolated position between the current digital absolute 
position and the next one. 
0061 FIG. 12 illustrates an exemplary change of output by 
sensor S2 of FIGS. 10 and 11 where the rotor is transitioning 
between 12 and 24 degrees as shown in FIG. 10. In FIG. 12, 
the interpolated position is represented by the angle 0 and the 
analog sensor output is represented by the parameter V. Since 
this is a Gray code scale, only sensor S2 is changing its state 
(from high to low in this case). The interpolated position 0 can 
be determined from the output V as: 

Vmax YA 8 = 
Vna 

Therefore, the total absolute position for rotor given the posi 
tion indications of FIG. 12 is: 

0 les-129+0 

0062. The resolution of the interpolated position 0 
depends on the available resolution of the conversion func 
tion, for example, an A/D converter, used to sample the signal 
V. One representation for the total number of bits for express 
ing the absolute position may be the sum of the number of 
sensors plus the number of bits of the AD converter: 

NABS-Nsensors!NAD 

0063 For example, for the sequence shown in FIG. 10 
using the sensors of FIG. 11 and a 12 bit AD converter, the 
total number of bits for expressing the absolute position 
would be 17, thus yielding a significant improvement in reso 
lution over using the five bit Gray code sequence of FIG. 10 
alone. 

0064 FIG.13 shows an exemplary embodiment with mul 
tiple scales located on the same diameter. In this embodiment, 
an absolute scale 1305, a gap scale 1310 and an incremental 
scale 1315 are axially offset from each other. In at least one 
embodiment the gap scale may be eliminated by recognizing 
the upper surfaces 1320 or lower surfaces 1325 of the incre 
mental scale as appropriate as the gap Surface and measuring 
the gap at that point using the reluctance measuring tech 
niques described herein. In another embodiment, the upper 
1330 or lower 1335 surfaces of the absolute scale 1305 may 
also be used to measure the gap using the techniques 
described above, eliminating the need for a separate gap 
scale. In this embodiment, the scales are located on an inner 
surface of a rotor 1345 having a number of magnets 1350. A 

Feb. 3, 2011 

backing 1340 operates to insulate magnetic sensor Systems 
associated with the scales from the effects of the rotor mag 
netS 1350. 

0065 FIG. 14 shows a multiple sensor system that may 
utilize an arrangement of multiple scales, for example as 
shown in FIG. 13. FIG. 14 shows a rotor 1405 with a ferro 
magnetic backing 1410, and one or more permanent magnets 
1415. The rotor may be enclosed within a chamber 1425 
capable of Supporting an environment different from that 
outside the chamber, for example a vacuum, high tempera 
ture, or corrosive atmosphere. The chamber 1425 may be 
constructed of a nonmagnetic material. The rotor 1405 may 
be driven by one or more coils 1420 located outside the 
chamber 1425. 

0066. In this embodiment, three scales are attached or 
integral to rotor 1405, an absolute scale 1430, a gap scale 
1435, and an incremental scale 1440. One or more sensor 
systems may be associated with each scale. This embodiment 
includes an absolute sensor system 1445 for reading the abso 
lute scale 1430, a gap sensor system 1450 for reading the gap 
scale 1435, and an incremental sensor system 1455 for read 
ing the incremental scale 1440. Each of the sensor Systems 
1445, 1450, 1455 may include any number of sources and 
sensors as described above. As mentioned above, the gap 
scale 1435 may be combined or superimposed upon any of the 
other scales. When combined or Superimposed, the gap scale 
may continue to be read using the gap sensor System 1450 or 
may be read by the sensor system for the scale with which it 
is combined or superimposed. It should be understood that 
while this embodiment shows three scales and three sensor 
systems, that any Suitable number of Scales and sensor sys 
tems may be utilized. 
0067. In this embodiment, the multiple sensor system also 
may include circuitry 1460 coupled to the absolute, incre 
mental, and gap sensor systems. The circuitry may provide an 
output indicative of a measured position of the reactive motor 
element from a combination of outputs of the absolute, incre 
mental, and gap sensor Systems. 
0068 FIG. 15 shows an exemplary sensor system 1500 
suitable for use with the embodiments described herein. Sen 
sor system 1500 may utilize magnetic circuit principles, for 
example, similar to those described above to determine a 
distance from a ferromagnetic target 1555, for example, a 
rotor backing to the sensor system's reference frame. The 
ferromagnetic target 1555 may be a flat or curved surface or 
have any machined profile attached to, embedded in, or oth 
erwise integral to the target, for example, the scales discussed 
above. The sensor system 1500 may include a ferromagnetic 
element 1505, a magnetic source 1510, for example, a per 
manent magnet, a number of magnetic sensors 1515, 1520, 
1525, 1530 and conditioning circuitry 1535. The ferromag 
netic element 1505 may circumscribe the magnetic source 
1510. In other embodiments, the ferromagnetic element 1505 
may surround or even enclose the magnetic source 1510. In at 
least one exemplary embodiment, the ferromagnetic element 
1505 may have a cup shape with a closed end 1565 and an 
open end 1570. The magnetic source 1510 may have a cylin 
drical shape where the direction of magnetization is parallel 
to the axis of symmetry of the ferromagnetic element 1505. 
The magnetic source 1510 may be a permanent magnet, an 
electromagnet, or any other Suitable source of magnetic 
energy. The magnetic source 1510 may be attached within the 
ferromagnetic element to the center of the ferromagnetic 
element 1505 by attractive forces and may be held in place 
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using a suitable fastener, for example an adhesive. In at least 
one embodiment, the sensor system 1500 may be oriented 
such that the open face 1570 of the cup faces the ferromag 
netic target 1555. 
0069. The embodiment shown in FIG. 15 establishes a 
magnetic circuit between the ferromagnetic element 1505 
and the magnetic source 1510 such that the flux density is 
symmetric about the axis of the cup or any concentric perim 
eter between the magnetic source 1510 and the ferromagnetic 
element 1505. The shape of the ferromagnetic element 1505 
influences the shape of the magnetic field. In embodiments 
where the ferromagnetic element 1505 is cup shaped, the 
magnetic field is relatively confined, resulting in an increased 
sensitivity to variations in the distance 1560 to the ferromag 
netic target. The ferromagnetic element 1505 may have a 
shape tailored to create a specifically shaped magnetic field. 
In some embodiments the ferromagnetic element 1505 may 
also be fashioned to provide a specific sensitivity to distance 
variations between the sensor system 1500 and the ferromag 
netic target 1555. 
0070 Magnetic sensors 1515, 1520, 1525, 1530 may oper 
ate to sense the flux density and may be located in an orbital 
configuration at a constant radial distance from the axis of 
symmetry of the ferromagnetic element 1505. The magnetic 
sensors may also be positioned such that their outputs are 
approximately the same. While four magnetic sensors are 
shown, it should be understood that any suitable number of 
magnetic sensors may be utilized. Outputs of the magnetic 
sensors 1515, 1520, 1525, 1530 may be provided to the con 
ditioning circuitry 1535. Conditioning circuitry 1535 may 
include signal processing circuitry for processing the sensor 
outputs, for example, to provide compensation, filtering, 
noise reduction, or any other Suitable signal processing. The 
sensor output signals may generally be processed to provide 
a sensor system output 1550. The use of additional sensors 
may improve the noise immunity of the system. The ferro 
magnetic element 1505 may also operate as a magnetic iso 
lation cage for the magnetic sensors minimizing external 
magnetic interference from the Surrounding environment. 
The sensor system 1500 is thus configured to measure alter 
ations in the magnetic flux density vector detected by the 
magnetic sensors. In particular, the sensor System 1500 may 
measure alterations in the magnetic flux density vector due to 
the presence of the ferromagnetic target 1555. In at least one 
embodiment, outputs of the magnetic sensors 1515, 1520, 
1525, 1530 may be conditioned to provide a sensor system 
output 1550 indicating the distance 1560 to the ferromagnetic 
target 1555. 
0071 FIG. 16 shows an exemplary arrangement of mag 
netic sensors around the ferromagnetic element. In this 
embodiment magnetic sensors may be arranged in pairs 1610 
1615, 1620 1625, 1630 1635, 1640 1645 with alternating 
orientations relative to the flux density lines between the 
ferromagnetic element 1505 and the magnetic source 1510. In 
this embodiment, each sensor pair may provide a differential 
output. Summing 1650 and differential conditioning 1655 
circuitry may be part of conditioning circuitry 1535 and may 
further provide sensor system output 1550 as a differential 
signal. The use of differential outputs may improve noise 
immunity, in particular where signals have low levels, are 
Subject to a hostile electrical electromagnetic environment, or 
travel any appreciable distance. For example, providing sen 
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sor system output 1550 as a differential signal may improve 
noise immunity as the output is provided to reading device 
1660. 
0072. In other embodiments, the magnetic sensors do not 
have to be placed at equal radial distance from the axis of 
symmetry and that their outputs need not be necessarily equal 
and yet the outputs can be suitably processed to yield the 
effective target distance. It should be understood that any 
number of magnetic sensors may be used, either ungrouped, 
or grouped together in any Suitable number or arrangement. 
0073. In addition to measuring target distance, the sensing 
system 1500 may also be used interchangeably with sensing 
systems 720 or 725 or 820 in FIGS. 7 and 8, to read incre 
mental or absolute position tracks. 
(0074 Returning to FIG. 15, the ferromagnetic target 1555, 
once located in front of the sensor system 1500 alters the 
magnetic flux density vector detected by magnetic sensors 
1515, 1520, 1525, 1530, thus affecting output signal 1550. 
The distance 1560 between the target 1555 and the sensor 
system may determine the value of sensor System output 
1550. The sensor system output 1550 may vary according to 
any magnetic flux variations introduced by one or more scales 
that may be attached to or integral with ferromagnetic target 
1555. 
(0075. The shape of the magnetic source 1510 and the 
ferromagnetic element 1505 may be modified to obtain a 
particular flux density patternor configuration, or to optimize 
or otherwise improve the sensor system output 1550 or the 
distance 1560. For example, in some embodiments, at least 
one of the ferromagnetic element 1505 and the magnetic 
source 1510 may have the shape of a cylinder, cone, cube or 
other polyhedron, paraboloid, or any other Suitable shape. As 
mentioned above, any number of sensors may be utilized. 
Furthermore, the sensors may have any Suitable arrangement 
for obtaining a particular flux density pattern, or for optimiz 
ing the sensor system output 1550 or the distance 1560. 
(0076. The sensor system 1500 is suitable for use in the 
embodiments described herein, for example, through a wall 
of non-magnetic material as used in the chambers disclosed 
herein that may isolate a target rotor or scale from the sensor 
system. The sensor system 1500 is suitable for use in vacuum 
automation system embodiments. The sensor system 1500 is 
particularly Suited for measuring magnetic flux, gaps and 
scales for all the embodiments described herein. 
(0077 FIG. 17 illustrates an exemplary motor 2110 includ 
ing a position feedback system 2100 in accordance with an 
exemplary embodiment. Although the embodiments dis 
closed will be described with reference to the embodiments 
shown in the drawings, it should be understood that the 
embodiments disclosed can be embodied in many alternate 
forms of embodiments. In addition, any Suitable size, shape or 
type of elements or materials could be used. 
0078. The feedback system of the exemplary embodi 
ments may provide high resolution positional feedback for 
any suitable motor. The feedback system of the exemplary 
embodiments may allow for the simultaneous measurements 
of eccentricity and orientation (e.g. rotation) with respect to a 
stator of the motor based on tangential positional measure 
mentS. 

(0079. The motor 2110 shown in FIG. 17 includes a single 
rotor/stator for exemplary purposes only and it should be 
realized that the motor 2110 may include any suitable number 
of rotors arranged in any Suitable configuration including, but 
not limited to, coaxial and non-coaxial configurations. In the 
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exemplary embodiment of FIG. 17, the stator 2110S may be, 
for example, an iron-core stator but in alternate embodiments 
the stator may be any suitable stator. The rotor 2110R may be, 
for example, constructed of any suitable material and include 
permanent magnets 2110M and iron backings 2110B. In 
alternate embodiments, the rotor may include any ferromag 
netic material for interacting with the stator 2110S. 
0080. The stator 2110S may include any suitable winding 
sets for controlling the position of the rotor 2110R in, for 
example, the X-Y plane and/or in the Z-direction. In alternate 
embodiments the winding sets may have any Suitable con 
figuration. The interaction between the stator 2110S and the 
rotor magnets 2110M may produce forces that passively levi 
tate the rotor 2110R. The levitation force may be a result of 
curved magnetic flux lines which in turn may be generated by, 
for example, an offset of an edge of the rotor magnet relative 
to the an edge of the stator as described in U.S. Provisional 
Patent application 60/946,687, Attorney Docket: 
390P012913-US (-h1), entitled “ROBOT DRIVE WITH 
MAGNETICSPINDLE BEARINGS, filed 27 Jun. 2007, the 
disclosure of which is incorporated by reference herein in its 
entirety. In alternate embodiments the levitational forces may 
be generated in any Suitable manner. 
I0081. The feedback system 2100 of the exemplary 
embodiment includes multiple read heads 2130 and a scale 
2120. The read heads 2130 may be any suitable read heads 
including, but not limited to non-contact optical, capacitive, 
inductive and magnetic read heads. In alternate embodiments 
the read heads may be contact based read heads. The read 
heads may be located at any Suitable location in the motor 
such that the read heads 2130 are fixed with respect to the 
stator 2110S. In alternate embodiments the read heads 2130 
may have any suitable relationship with respect to the stator 
2110S. As may be realized in alternate embodiments the read 
heads 2130 may be positioned, configured and/or suitably 
isolated from the rotor 2110R and stator 2110S such that, for 
example, magnetic interaction between the read heads 2130 
and the rotor 2110R and stator 2110S does not alter the 
readings provided by the read heads 2130. 
0082. The read heads 2130 may be communicably 
coupled to any suitable processor 2160 configured to receive 
output signals from the read heads 2130 and process those 
signals as will be described below to determine the positional 
data with respect to the rotor 2110R. For exemplary purposes 
only, the read heads 2130 may be in communication with the 
processor 2160 through any suitable wired or wireless con 
nections including, but not limited to, wide area networks, 
local area networks, Bluetooth, infrared, radio frequency or 
any other suitable connections. In one or more embodiments, 
the read heads 2130 may include one or more sensing mecha 
nisms 500 or sensor systems 1500 described above. 
0083. The scale 2120 may be any suitable scale including, 
but not limited to, absolute or incremental scales configured 
for use with the read heads described above. It is noted that 
while one scale is shown in the Figures that in alternate 
embodiments any Suitable number of Scales may be used. As 
a non-limiting example, in one alternate embodiment, each 
read head 2130 may have its own respective scale while in 
other alternate embodiments some read heads may share one 
scale while other read heads share a different scale. 

0084. In one exemplary embodiment, the scale 2120 may 
be bonded to or otherwise attached to the rotor 2110R. In 
other exemplary embodiments the scale 2120 may be embed 
ded in the rotor 2110R Such as by, machining, etching or any 
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other Suitable manufacturing technique. In alternate embodi 
ments the scale 2120 may be a disk attached to and extending 
radially from the rotor. In other alternate embodiments the 
scale may have any suitable configuration. The scale 2120 
may be configured such that the graduations 2120G on the 
scale are arranged so the read heads can effect the detection of 
eccentricity and/or rotation of the rotor 110R as will be 
described in greater detail below. In alternate embodiments 
the graduations on the scale may be arranged in any Suitable 
a. 

I0085. Still referring to FIG. 17, it is further noted that the 
feedback system 2100 of the exemplary embodiments may be 
utilized in any Suitable environment including, but not limited 
to, Vacuum, atmospheric or controlled air environments. In 
one exemplary embodiment, the motor may include a bound 
ary 2140 that may allow the rotor 2110R to operate in a 
vacuum while the stator 2110S operates in an atmospheric 
environment. In alternate embodiments each of the stator and 
rotor may operate in any suitable environment that may be the 
same or different from each other. The boundary 2140 may be 
constructed of any suitable material for use in, for example, a 
vacuum environment and from material that can be inter 
posed within magnetic fields without causing a flux short 
circuit or being Susceptible to eddy currents and heating from 
magnetic interaction. The boundary may also be coupled to 
Suitable heat transfer devices (e.g. passive or active) to mini 
mize temperatures in the drive section. In one exemplary 
embodiment where the read heads 2130 are optical read heads 
2130 the boundary may include optical viewports to allow the 
read heads 2130 to read the scale 2120. Where the read heads 
2130 are capacitive, inductive or magnetic (e.g. Hall sensors) 
there may not be any view ports associated with the read 
heads 2130. 

I0086 Referring now to FIG. 18, a schematic view of the 
feedback system 2100' is shown in accordance with an exem 
plary embodiment. In the exemplary embodiment shown in 
FIG. 18, the feedback system 2100' includes three read heads 
2130A-2130C but in alternate embodiments the feedback 
system 2100' may have more or less than three read heads. 
The read heads 2130A-2130C are shown in the Figure as 
being arranged around the stator 2110S in a substantially 
equally spaced manner Such that the read heads point radially 
at the scale 2120. In alternate embodiments, the read heads 
2130A-2130C may be arranged around the stator 2110S with 
any suitable predetermined spacing arrangement and have 
any suitable orientation with respect to the scale 2120. In one 
exemplary embodiment, each of the read heads 2130A 
2130C may be configured to provide position information 
corresponding to the distance (e.g. dA, dB. dC) between the 
point on the scale 2120 that a respective read head is viewing 
and an origin SO of the scale 2120. This information, for 
example, may be used to determine the eccentricity and ori 
entation of the rotor 2110R with respect to the stator 2110S. 
In alternate embodiments the read heads 2130A-2130C may 
provide any suitable information for determining the eccen 
tricity and orientation of the rotor 2110R with respect to the 
stator 2110S. It is noted that the distances dA, dB, dC shown 
in FIG. 18 are shown extending in a clockwise direction but in 
alternate embodiments the distance may be in a counterclock 
wise direction depending on, for example, the direction of 
rotation of the rotor 2110R. 

I0087. Referring now to FIG. 19 the determination of the 
eccentricity and orientation of the rotor 2110R using tangen 
tial position measurements from four read heads 2230A 
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2230D will be described in accordance with an exemplary 
embodiment. However, it is noted that the exemplary equa 
tions described below corresponding to the four read heads 
2230A-2230D may be adapted for any suitable number of 
read heads such that the eccentricity and rotational position of 
the rotor 2110R may be determined. 
0088 As may be realized, during the operation of the 
motor 2110 the rotor 2110R may deviate from a first center of 
rotation C to a second center of rotation C1. This deviation 
may be due to, for example, radial and/or axial loads applied 
to the rotor. The feedback system 2100" may be configured to 
calculate the deviation as well as the rotational orientation of 
the rotor 2110R. In the exemplary positional determination 
described below it is assumed that the distances d1-d4 
increase as the rotor 2110R turns in a counterclockwise direc 
tion. However, in alternate embodiments it may be assumed 
that the distances d1-d4 increase as the rotor 2110R turns in a 
clockwise direction where appropriate changes are made to 
the equations described below. 
0089. As a non-limiting example, in this exemplary 
embodiment the eccentricity or deviation from the center 
point C can be found using the following equations 

sor cos (d-da) (2r) (100) 

yor cos (d2-d)f(2r) (101) 

where X and yo respectively denote the X and y components 
of the eccentricity of the rotor 2110R. As may be realized 
from the above equations the eccentric distance X may be 
found using an angle corresponding to the arc length 2240X 
as tangentially measured by the read heads 2230D and 
2230B. Similarly the eccentric distance yo may be found 
using an angle corresponding to the arc length 2240Y as 
tangentially measured by the read heads 2230C and 2230A. 
The rotational orientation or position of the rotor can be found 
using the following equations: 

61 = dif r - asin(yof r) (102) 

62 = d.fr - 37 f2 +asin(xof r) (103) 

63 = dis fir - 7 -- asin(yof r) (104) 

64 = dif r - f2 - asin(xo fr) (105) 

4. (106) 

0) = X0, 14 = (d. + d. + d + dy)/(4r)-3t 14 
i=1 

where 0 is the orientation of the rotor 2110R. 0-0 respec 
tively denote the angle between the read heads 2230A-2230D 
and the origin SO of the scale 2120. The distances between 
the scale origin SO and the read heads 2230A-2230D are 
respectfully denoted as d-d. The radius of the scale 2120 is 
denoted by the indicator r. The above equations may provide 
a substantially exact determination of the position (i.e. eccen 
tricity) of the rotor 2110R in the X-Y plane and the rotational 
orientation 0 of the rotor 2110R with respect to any desired 
reference point. 
0090. In another example, approximations of the eccen 

tricity and rotational orientation 80 of the rotor may also be 
determined without evaluating trigonometric functions. The 
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positional approximations can be determined using the fol 
lowing equations: 

Xo = -(d2 - d - 7tr) f2 = (dA - d.2 + 7tr) f2 (107) 

yo = -(ds - d - 7tr) f2 = (d-ds + 7tr) f2 (108) 

6 = (d. - yo) fr (109) 

62 = (d. - 37trf 2 + xo)f r (110) 

63 = (ds - 7tr + yo) fr (111) 

64 = (d. - 7trf2 - vo) fr (112) 

4. (113) 
60 = X0/4 = (d. + d2 + d -- d4)f(4r) - 37/4 

i=1 

where 0, 0-0 d-d and r denote the same features as 
described above. 

0091. It should be realized that the above solutions for 
determining the eccentricity (i.e. X and yo) and rotational 
orientation (i.e. 0) of the rotor 2110R are for exemplary 
purposes only and that other solutions for determining the 
eccentricity and rotational orientation using tangential posi 
tion measurements may be used. 
0092 Turning now to FIG.20A, another embodiment may 
provide measurement of an X-Y displacement of a rotor using 
a plurality of sensor sets, in this example, two sets of sensors. 
FIG. 20A shows an exemplary embodiment including a por 
tion of a motor 2000 having a stator 2003 with a stator backing 
2005 and one or more windings 2010, a rotor 2015, and at 
least two sensor pairs 2020, 2025. The rotor 2015 may include 
a rotor backing 2030 on which may be mounted a number of 
rotor magnets 2035. 
0093. In this embodiment, sets of sensors are used to 
detect displacement of the rotor 2015 with respect to the stator 
2003, in particular a displacement along the gap 2040 
between the stator 2003 and the rotor 2015. For example, a 
first set of sensors 2020 measures the displacement at a first 
location Y while a second set of sensors 2025 measures the 
displacement at a second location X at an angular offset A 
from the first location Y. While in this embodiment, the loca 
tions are offset by 90 degrees, it should be understood that any 
Suitable angular offset may utilized. Each sensor set may 
include two sensor systems, X1 X2 in sensorset 2025 and Y1 
Y2 in sensorset 2020. Each sensorset may include additional 
sensor systems in other embodiments. Each sensor System 
may be similar to sensor system 1500 in FIG. 15. The sensor 
systems in each set generally have magnetic sources with 
opposing polarities. 
(0094. As shown in FIG. 20B, sensor systems X1 (or Y1) 
includes a ferromagnetic element 2040 and a magnetic source 
2045 and sensor systems X2 (orY2) includes a ferromagnetic 
element 2050 and a magnetic source 2055. Magnetic sources 
2045 and 2055 are positioned in opposing polarity. As an 
example, and as shown in FIG. 20B, sensor systems X1 and 
Y1 have the North pole N of the magnetic source 2045 facing 
inward of the ferromagnetic element 2040, while sensor sys 
tems X2 and Y2 have the South pole S of the magnetic source 
2055 facing inward of the ferromagnetic element 2050. 
Extraneous magnetic fields such as those caused by eddy 
currents have opposite effects on each sensor system within 
each pair of sensor Systems. Thus, the effects of Such extra 
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neous fields may be eliminated by taking an average of the 
outputs of each sensor system within each pair. Noise attenu 
ation may be advantageously improved using these arrange 
ments and techniques. 
0095 FIG. 21 shows an embodiment similar to the 
embodiment shown in FIG. 7 where sensor systems are used 
to read an incremental track to produce sine and cosine sig 
nals. The embodiment of FIG. 21 may use 4 sensor systems. 
Each sensor system may be similar to sensor system 1500 in 
FIG. 15. The sensor systems of FIG. 21 may be positioned to 
produce sine and cosine signals with no DC offset and an 
amplitude that is invariant to Small changes in displacement 
along the Z axis and the gap separating the sensor Systems and 
the incremental track. 
0096. In FIG.21, sensor systems 21012102.2103.2104 are 
positioned along an incremental scale 2105 which may have 
a regularly spaced tooth pitch 2110 and an area with a flat face 
2115. In this embodiment. sensor systems 2101 and 2102 are 
positioned as a first pair along the scale 2105 to output a sine 
signal and sensor Systems 2103 and 2104 are positioned as a 
second pair along the scale 2105 to output a cosine signal. 
Sensor systems within each pair may be offset by 180 degrees 
while corresponding sensor Systems in the first pair are offset 
from corresponding sensor Systems in the second pair by 90 
degrees. Each sensor system 2101 2102.2103.2104 may have 
at least two magnetic sensors A and B. The A sensors may be 
positioned to read the tooth profile of the incremental scale 
2105. A change in displacement along the Z axis and along 
the gap of the A sensors or the scale 2105 will generally affect 
both the signal amplitude and DC offset of the A sensors. The 
B sensors may be positioned to read only the flat face area 
2115 of the scale 2105. As a result, signals output by the B 
sensors may not be affected by displacement along the Z axis, 
but may only be affected by changes along the gap 2120. 
0097. By combining signals from the A and B sensors, a 
sine or cosine signal that is invariant to changes in displace 
ment along the gap may be obtained. In addition, the outputs 
of sensors within each pair of sensor systems may be 180 
degrees out of phase and thus may vary in the same direction 
as a result of any displacement along the Z axis. By combin 
ing the signals from sensors A and B within each pair of 
sensor systems, a sine or cosine signal that is invariant to 
displacement along the Z axis and the gap 2120, with no DC 
offset may be obtained. 
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0098. The disclosed embodiments provide techniques for 
determining a rotational position of a rotor without invading 
an isolated environment in which the rotor may operate, with 
out requiring electronics or sensors within the isolated envi 
ronment. In one embodiment, a single scale may be used to 
determine both an absolute and an incremental position. 
0099. The presently disclosed embodiments also provides 
a sensor System with a unique arrangement of a ferromagnetic 
element a magnetic source and magnetic sensors that gener 
ates uniform magnetic flux density lines such that the sensors 
may be placed in a orbital configuration around the magnetic 
SOUC. 

0100. The disclosed embodiments also provide a feedback 
system for a motor that includes a unique structure and tech 
nique for determining eccentricity and rotational position of a 
rotor of the motor. 
0101. It should be understood that the foregoing descrip 
tion is only illustrative of the present embodiments. Various 
alternatives and modifications can be devised by those skilled 
in the art without departing from the embodiments disclosed 
herein. Accordingly, the embodiments are intended to 
embrace all such alternatives, modifications and variances 
which fall within the scope of the appended claims. 
What is claimed is: 
1. A sensing mechanism comprising: 
a magnetic Source; 
a magnetic flux sensor, and 
a sensor backing on which the magnetic source and flux 

sensor are mounted, 
wherein the magnetic source and magnetic flux sensor are 

arranged to form a magnetic circuit from the magnetic 
Source to a ferromagnetic target, from the target to the 
sensor, and returning to the magnetic source through the 
sensor backing. 

2. The sensing mechanism of claim 1, wherein the mag 
netic flux sensor operates to provide an output proportional to 
a variable magnetic flux intensity dependent on a distance 
between the magnetic source and the ferromagnetic target. 

3. The sensing mechanism of claim 1, further comprising a 
first scale coupled to the ferromagnetic target indicating an 
absolute position of the ferromagnetic target. 
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