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POSITION FEEDBACK FOR SEALED ENVIRONMENTS
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a non-provisional of and claims
the benefit of United States provisional patent application
number 61/903,726 filed on November 13, 2013, the disclosure of

which is incorporated herein by reference in its entirety.
BACKGROUND
1. Field

[0002] The exemplary embodiments generally relate to position
feedback and, more particularly, to position feedback for sealed

robotic drives.
2. Brief Description of Related Developments

[0003] Generally, existing direct drive technology, which for
example uses permanent magnet motors or variable reluctance
motors for actuation and optical encoders for position sensing,
exhibits considerable limitations when, for example, the
magnets, bonded components, seals and corrosive materials of the
direct drive are exposed to ultra-high vacuum and/or aggressive
and corrosive environments. To limit exposure of, for example,
the magnets, bonded components, electrical components, seals and
corrosive materials of the direct drive a “can-seal” |is

generally used.
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[0004] The can-seal generally isolates a motor rotor from a
correspeonding motor stator wvia a hermetically sealed non-
magnetic wall or “can”, also known as an “isolation wall”. Can-
seals generally use a non-magnetic vacuum isolation wall that is
located between the rotor and stator of a given motor actuator.
As a result, the stator can be completely located outside the
sealed environment. This may allow for substantially clean and
reliable motor actuation implementations in applications such as
vacuum robot drives used for semiconductor applications.
However, the sensors or encoders may include electronic
compeonents that may be located within the sealed environment
where the electronic components may be a potential contamination
source and where the sealed environment subjected the electronic
compeonents to corrosion. As may be realized, hermetically
sealed connectors are required for the electronic components
within the sealed envirconment so that wires or other signal
carrying medium can be routed through the isolaticn wall. As
may be realized, these hermetically sealed connectors may be a
potential leak source. Further, in the case of optical sensors,
contaminants or particulates may be deposited on the feedback
track (or scale) and can lead to signal degradation and sensor
failure. In other aspects, windows may be provided through
which the sensors operate however these windows may also be a

source of leaks.

[0005] It would be advantageous to have a position feedback
system that is operative through an isolation wall between an

isolated or otherwise sealed environment and an environment
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outside the sealed environment such that the above-described

issues are addressed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The foregoing aspects and other features of the
disclosed embodiment are explained in the following description,

taken in connection with the accompanying drawings, wherein:

[0007] Figs. 1A-1D are schematic illustrations of processing

apparatus incorporating aspects of the disclosed embodiment;

[0008] Figs. 2A-2D are schematic illustrations of portions
of transport apparatus in accordance with aspects of the
disclosed embodiment, and Figs. 2E-2F are respectively cross-
section ©perspective and enlarged cross-section illustrating

further features;

[0009] Figs. 2G-2K are schematic illustrations of a drive

section in accordance with aspects of the disclosed embodiment;

[0010] Fig. 3 1is a schematic illustration of a portion of a
position sensor in accordance with aspects of the disclosed

embodiment;

[0011] Figs. 47A and 4B are schematic illustrations of
portions of a sensor in accordance with aspects of the disclosed

embodiment;

[0012] Figs. 5 and 5A are schematic illustraticons of a sensor

in accordance with aspects of the disclosed embodiment;
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[0013] Fig. 5B is a flow chart in accordance with aspects of

the disclosed embodiment;

[0014] Fig. 5C is a schematic illustration of a portion of a

sensor in accordance with aspects of the disclosed embodiment;

[0015] Figs. ©6A and 6C are schematic illustrations of a
portion of a sensor in accordance with aspects of the disclosed
embodiment and Fig. 6B illustrates a position decoding algorithm

in accordance with aspects of the disclosed embodiment;

[0016] Figs. 7A-7D are schematic illustrations of a portion
of a sensor 1in accordance with aspects of the disclosed

embodiment;

[0017] Figs. B8A and 8B are schematic illustrations of a
portion of a sensor in accordance with aspects of the disclosed

embodiment;

[0018] Figs. O9A-9C are schematic illustrations of a portion
of a sensor 1in accordance with aspects of the disclosed

embodiment;

[0019] Fig. 9D is a graph of an exemplary sensor output in

accordance with aspects of the disclcosed embodiment;

[0020] Figs. 10A-10D are schematic illustrations of a portion
of a sensor 1in accordance with aspects of the disclosed

embodiment; and
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[0021] Fig. 11 is a schematic illustration of a sensor in

accordance with aspects of the disclosed embodiment.

DETAILED DESCRIPTION

[0022] Referring to Figures 1A-1D, there are shown schematic
views of substrate processing apparatus or tools incorporating
the aspects of the disclosed embodiment as disclosed further
herein. Although the aspects of the disclosed embodiment will be
described with reference to the drawings, it should be
understood that the aspects of the disclosed embodiment can be
embodied in many forms. In addition, any suitable size, shape

or type of elements or materials could be used.

[0023] Referring to Figs. 1A and 1B, a processing apparatus,
such as for example a semiconductor tool station 11090 is shown
in accordance with an aspect of the disclosed embodiment.
Although a semiconductor tocol 1is shown in the drawings, the
aspects of the disclosed embodiment described herein can be
applied to any tool station or application employing robotic
manipulators. In this example the tocol 11090 is shown as a
cluster tool, however the aspects of the disclosed embodiment
may be applied to any suitable tool station such as, for
example, a linear tool station such as that shown in Figures 1C
and 1D and described in United States Patent No. 8,398,355,
entitled “Linearly Distributed Semiconductor Workpiece
Processing Tool,” issued March 19, 2013, the disclosure of which

is incorporated by reference herein in its entirety. The tool
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station 11090 generally includes an atmospheric front end 11000,
a vacuum load lock 11010 and a vacuum back end 11020. In other
aspects, the tool station may have any suitable configuratiocon.
The components of each of the front end 11000, lcad lock 11010
and back end 11020 may be connected to a controller 11091 which
may be part of any suitable control architecture such as, for
example, a clustered architecture control. The control system
may be a closed loop controller having a master controller,
cluster controllers and autonomous remote controllers such as
those disclosed in United States patent number 7,904,182
entitled “Scalable Motion Control System” issued on March 8,
2011 the disclosure of which is incorporated herein by reference
in its entirety. In other aspects, any suitable controller

and/or control system may be utilized.

[0024] In one aspect, the front end 11000 generally includes
load port modules 11005 and a mini-environment 11060 such as for
example an equipment front end module (EFEM). The 1load port
modules 11005 may be box opener/loader to tool standard (BOLTS)
interfaces that conform to SEMI standards El15.1, E47.1, E62,
E19.5 or E1.9 for 300 mm load ports, front opening or bottom
opening boxes/pods and cassettes. In other aspects, the load
port modules may be configured as 200 mm wafer interfaces or any
other suitable substrate interfaces such as for example larger
or smaller wafers or flat panels for flat panel displays.
Although two load port modules are shown in Figure 1A, in other
aspects any suitable number of load port modules may be

incorporated into the front end 11000. The load port modules
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11005 may be configured to receive substrate carriers or
cassettes 11050 from an overhead transport system, automatic
guided vehicles, person guided vehicles, rail guided vehicles or
from any other suitable transport method. The load port modules
11005 may interface with the mini-environment 11060 through load
ports 11040. The load ports 11040 may allow the passage of
substrates between the substrate cassettes 11050 and the mini-
environment 11060. The mini-environment 11060 generally
includes any suitable transfer robot 11013 which may incorporate
one or more aspects of the disclosed embodiment described
herein. In one aspect the robot 11013 may be a track mounted
robot such as that described in, for example, United States
Patent 6,002,840, the disclosure of which 1is incorpcrated by
reference herein in its entirety. The mini-environment 11060
may provide a controlled, c¢lean =zone for substrate transfer

between multiple load port modules.

[0025] The wvacuum load lock 11010 may be located between and
connected to the mini-environment 11060 and the back end 11020.
It is noted that the term vacuum as used herein may denote a
high vacuum such as 107 Torr or below in which the substrate are
processed. The lcad lock 11010 generally includes atmospheric
and wvacuum slot valves. The slot wvalves may provide the
environmental isolation employed to evacuate the load lock after
loading a substrate from the atmospheric front end and to
maintain the wvacuum in the transport chamber when wventing the
lock with an inert gas such as nitrogen. The load lock 11010

may also include an aligner 11011 for aligning a fiducial of the
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substrate to a desired position for processing. In other
aspects, the wvacuum load lock may be located in any suitable
location of the processing apparatus and have any suitable

configuration.

[0026] The wvacuum back end 11020 generally includes a
transport chamber 11025, one or more processing station(s) 11030
and any suitable transfer robot 11014 which may include one or
more aspects of the disclosed embodiments described herein. The
transfer robot 11014 will be described below and may be located
within the transport chamber 11025 to transport substrates
between the load lock 11010 and the wvarious processing stations
11030. The processing stations 11030 may operate on the
substrates through wvarious depcsition, etching, or other types
of processes to form electrical circuitry or other desired
structure on the substrates. Typical processes include but are
not limited to thin film processes that use a wvacuum such as
plasma etch or other etching processes, chemical vapor
deposition (CVD), plasma vapor deposition (PVD), implantation
such as ion implantation, metrology, rapid thermal processing
(RTP), dry strip atomic layer deposition (ALD),
oxidation/diffusion, forming of nitrides, wvacuum lithography,
epitaxy (EPI), wire bonder and evaporation or other thin film
processes that use vacuum pressures. The processing stations
11030 are connected to the transport chamber 11025 to allow
substrates to be passed from the transport chamber 11025 to the

processing stations 11030 and vice versa.
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[0027] Referring now to Figure 1C, a schematic plan view of a
linear substrate processing system 2010 is shown where the tool
interface section 2012 is mounted to a transport chamber module
3018 so that the interface section 2012 is facing generally
towards (e.g. inwards) but is offset from the longitudinal axis
X of the transport chamber 3018. The transport chamber module
3018 may be extended in any suitable direction by attaching
other transport chamber modules 30184, 30181, 3018J to
interfaces 2050, 2060, 2070 as described in United States Patent
No. 8,398,355, ©previcusly incorporated herein by reference.
Each transport chamber module 3018, 3019A, 3018I, 3018J includes
any suitable substrate transport 2080, which may include one or
more aspects of the disclosed embodiment described herein, for
transporting substrates throughout the processing system 2010
and into and out of, for example, processing modules PM. As may
be realized, each chamber module may be capable of holding an

isclated or controlled atmosphere (e.g. N2, clean air, wvacuum).

[0028] Referring to Figure 1D, there 1is shown a schematic
elevation view of an exemplary processing tool 410 such as may
be taken along longitudinal axis X of the 1linear transport
chamber 416. 1In the aspect of the disclosed embocdiment shown in
Fig. 1D, tool interface section 12 may be representatively
connected to the transport chamber 416. In this aspect,
interface section 12 may define one end of the tool transport
chamber 416. As seen in Fig. 1D, the transport chamber 416 may
have another workpiece entry/exit station 412 for example at an

opposite end from interface station 12. 1In other aspects, other
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entry/exit stations for inserting/removing workpieces from the
transport chamber may be provided. In one aspect, interface
section 12 and entry/exit station 412 may allow loading and
unloading of workpieces from the tool. In other aspects,
workpieces may be loaded into the tool from one end and removed
from the other end. In one aspect, the transport chamber 416
may have one or more transfer chamber module(s) 18B, 18i. Each
chamber module may be capable of holding an isolated or
controlled atmosphere (e.g. N2, clean air, vacuum). As noted
before, the configuration/arrangement of the transport chamber
modules 18B, 18i, lcad lock modules 56A, b56B and workpiece
stations forming the transport chamber 416 shown in Fig. 1D is
merely exemplary, and in other aspects the transport chamber may
have more or fewer modules disposed in any desired modular
arrangement. In the aspect shown, station 412 may be a load
lock. In other aspects, a load lock module may be located
between the end entry/exit station (similar to station 412) or
the adjoining transport chamber module (similar to module 18i)
may be configured to operate as a load lock. As also noted
before, transport chamber modules 18B, 18i have one or more
corresponding transport apparatus 26B, 26i, which may include
one or more aspects of the disclosed embodiment described
herein, located therein. The transport apparatus 26B, 261 of
the respective transport chamber modules 18B, 18i may cooperate
to provide the linearly distributed workpiece transport system
420 in the transport chamber. In this aspect, the transport
apparatus 26B may have a general SCARA arm configuration (though

in other aspects the transport arms may have any other desired

10
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arrangement such as a frog-leg configuration, telescopic
configuration, bi-symmetric configuration, etc.). In the aspect
of the disclosed embodiment shown in Fig. 1D, the arms of the
transport apparatus 26B may be arranged to provide what may be
referred to as fast swap arrangement allowing the transport to
quickly swap wafers from a pick/place location as will also be
described in further detail below. The transport arm 26B may
have a suitable drive section, such as described below, for
providing each arm with any suitable number of degrees of
freedom (e.g. independent rotation about shoulder and elbow
joints with Z axis motion). As seen in Fig. 1D, in this aspect
the modules b56A, 56, 301 may be located interstitially between
transfer chamber modules 18B, 18i and may define suitable
processing modules, load lock(s), buffer station(s), metrology
station(s) or any other desired station(s). For example the
interstitial modules, such as load locks 56A, 56 and workpiece
station 30i, may each have stationary workpiece supports/shelves
568, 5651, 5652, 30581, 3082 that may cooperate with the
transport arms to effect transport or workpieces through the
length of the transport chamber along linear axis X of the
transport chamber. By way of example, workpiece(s) may be
loaded into the transport chamber 416 by interface section 12.
The workpiece(s) may be positioned on the suppcort(s) of load
lock module b56A with the transport arm 15 of the interface
section. The workpiece(s), in load 1lock module 56A, may be
moved between load lock module 56A and load lock module 56 by
the transport arm 26B in module 18B, and in a similar and

consecutive manner between load lock 56 and workpiece station

11



WO 2015/073634 PCT/US2014/065392

30i with arm 26i (in module 18i) and between station 30i and
station 412 with arm 26i in module 18i. This process may be
reversed in whole or in part to move the workpiece(s) in the
opposite direction. Thus, in one aspect, workpieces may be
moved in any direction along axis X and to any position along
the transport chamber and may be loaded to and unloaded from any
desired module (processing or otherwise) communicating with the
transport chamber. In other aspects, interstitial transport
chamber modules with static workpiece supports or shelves may
not be provided between transport chamber modules 18B, 18i. In
such aspects, transport arms of adjoining transport chamber
modules may pass off workpieces directly from end effector or
one transport arm to end effector of another transport arm to
move the workpiece through the transport chamber. The
processing station meodules may operate on the substrates through
various deposition, etching, or other types of processes to form
electrical circuitry or other desired structure on the
substrates. The processing station modules are connected to the
transport chamber modules to allow substrates to be passed from
the transport chamber to the processing stations and vice versa.
A suitable example of a processing tool with similar general
features to the processing apparatus depicted in Fig. 1D 1is
described in U.S. Patent No. 8,398,355, previocusly incorporated

by reference in its entirety.

[0029] Referring now to Fig. 2A, a schematic illustration of
a portion of a transport apparatus drive 200 is illustrated.

The transport drive may be employed in any suitable atmospheric

12
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or vacuum robotic transport such as those described above.
The drive may include a drive housing 200H having at least one
drive shaft 201 at least partially disposed therein. Although
one drive shaft is illustrated in Fig. 2A in other aspects the
drive may include any suitable number of drive shafts. The
drive shaft 201 may be mechanically suspended or magnetically
suspended within the housing 200H in any suitable manner. In
this aspect the drive shaft is suspended within the housing with
any suitable bearings 200B but in other aspects the drive shaft
may be magnetically suspended (e.g. a self-bearing drive) in a
manner substantially similar to that described in United States
patent number 8,283,813 entitled “Robot Drive with Magnetic
Spindle Bearings” issued on October 9, 2012, the disclosure of
which is incorporated by reference herein in its entirety. Each
drive shaft of the drive 200 may be driven by a respective motor
206 where each motor includes stator 206S and a rotor 206R. The
exemplary embodiment depicted in the figures has what may be
referred to as a rotary drive configuration that is illustrated
for purposes of facilitating description and features of the
various aspects, as shown and described herein. As may be
realized the features of the wvarious aspects illustrated with
respect to the rotary drive configuration are equally applicable
to a linear drive configuration. It is noted that the drive
motors described herein may be permanent magnet motors, variable
reluctance motors (having at least one salient pole with
corresponding c¢oil units and at least one respective rotor
having at least one salient pole o¢f magnetic permeable

material), or any other suitable drive motors. The stator(s)

13
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206S may be fixed at least partly within the housing and the
rotor(s) 206R may be fixed 1in any suitable manner to a
respective drive shaft 201. In one aspect, the stator(s) 206S
may be located in an “external” or “non-sealed” environment that
is sealed from an atmosphere in which the &rcocbot arm(s) 208
operate (the atmosphere in which the robot arm(s) operate is
referred to herein as a “sealed” environment which may be a
vacuum or any other suitable envirconment) through the employment
of an isolation wall or barrier while the rotor(s) 206R 1is
located within the sealed environment in a manner substantially
similar to that described in United States provisional patent
having attorney docket number 390P014939-US (-#1) entitled
“SEALED ROBOT DRIVE” and filed on November 13, 2013, the
disclosure of which is incorporated by reference herein in its
entirety and as will be described in greater detail below. It
is noted that the terms non-ferromagnetic separation wall, seal
partition or isolation wall (which will be described in greater
detail below) as used herein refer to a wall made of any
suitable non-ferromagnetic material that may be disposed between
the moving parts of the robot drive and/or sensor and the

corresponding stationary parts of the robot drive and/or sensor.

[0030] In one aspect the housing 200H of the drive 200 has
a substantially drum shaped configuration (e.qg. a drum
structure) having an exterior 200HE and an interior 200HI. The

housing 200H, in one aspect, 1is an unitary one piece monclithic
structure while, 1in other aspects, the housing 200H is an

integral assembly having two or more hoops fastened together in

14
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any suitable manner so as to form the drum structure of the
housing 200H. The interior 200HI of the housing includes a
stator interface surface 200HS in which the stator 206S of the
variable reluctance motor 206 is located. The stator interface
surface 200HS (and hence the housing 200H) is configured to
provide rigidity and support for the stator 206S. As may be
realized, the stator interface surface 200HS (and hence the
housing 200H) is a datum surface that positions the stator 20685
(and isolation wall 204 which in one aspect is supported by the
stator so that the stator 1s located in an atmospheric
environment separate from the wvacuum environment in which the
rotor is lcocated) to control a gap between the stator 2065 and
rotor 206R. The housing 200H also includes a zrotor interface
surface 200HR that interfaces with and positions the rotor 206R
(e.g. the bearings 200B are positioned on the drive shaft
201/rotor 206R in a predetermined position and the bearings 200B
interface with the rotor interface surface 200HR) so that the
rotor 206R is positicned in a predetermined position relative to
the stator 2068S. As may be realized, the stator interface
surface 200HS is a datum surface for the rotor interface surface
200HR (and hence the rotor 206R/drive shaft 201) so that the
rotor 206R (and drive shaft 201 connected thereto) and the
stator 206S are positioned relative to and depend from a common
datum formed by the housing 200H. In one aspect the housing
200H includes a control board aperture or slot PCBS formed in
the housing 200H and into which one or more printed circuit
boards PCB (similar to PCB 310 described below which include

sensor 203 that interfaces with the sensor or encoder track 202

15
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described below) located in the atmospheric environment and
separated from the sensor track 202 (which is located in the
vacuum environment) by a vacuum barrier in a manner similar to
that described below. The control board aperture PCBS includes
a sensor interface surface 200HT that positions the sensor 203
relative to the stator interface surface 200HS (e.g. the common
datum of the housing 200H) in a predetermined position. As may
be realized, the sensor track 202 is connected to the rotor 206R
so that the sensor track 202 1is located 1in a predetermined
location relative to the rotor interface surface 200HR. As
such, the relative positioning of the sensor interface surface
200HT and the rotor interface surface 200HR with the stator
interface surface 200HS positions and controls the gap between
the senscor 203 and the sensor track 202 where the stator 206S,
the rotor 206R, the sensor 203 and the sensor track 202 are
positioned relative to and dependent from the common datum. In
one aspect, the housing 200H includes any suitable slot or
aperture MLS through which any suitable drive connectcors CON
pass for providing power and control signals to (and feedback

signals from) the drive 200.

[0031] Referring to Fig. 2K, it should be understood that
while Figs. 2G-2J illustrate a drive having a single drive shaft
201 for exemplary purposes only, 1in other aspects the drive
includes any suitable number of motors having any suitable
corresponding number of drive shafts. For example, Fig. 2K
illustrates a drive 200” having two motors 206A, 206B arranged

in a stacked or in-line configuration. Here each motor 2064,

16
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206B includes a respective housing 200H (substantially similar
to that described above) where the housings are connected to
each other in any suitable manner to form the multiple motor
(e.g. multiple degree of freedom) drive 200”7 so that a drive
shaft 201 of motor 206B extends through an aperture in a drive

shaft 201A of motor 206A to form a coaxial drive spindle.

[0032] Referring also to Fig. 2B, a transport apparatus drive
200’ substantially similar to drive 200 is illustrated having a
coaxial drive shaft arrangement with two drive shafts 201, 210.
In this aspect the drive shaft 201 1is driven by motor 206
(having stator 206S and rotor 206R) while shaft 210 is driven by
motor 216 (having stator 216S and rotor 216R). Here the motors
are shown in a stacked arrangement (e.g. in line and arranged
one above or one in front of the other). However, it should be
understood that the motors 206, 216 may have any suitable
arrangement such as a side by side or concentric arrangement.
For example, referring to Fig. 2D, in one aspect the substrate
transport apparatus 100 is shown as having a low profile planar
or “pancake” style robot drive configuration where the motors
are concentrically nested within each other in a manner
substantially similar to that described in United States patent
numbers 8,008,884 entitled “Substrate Processing Apparatus with
Motors Integral to Chamber Walls” issued on August 30, 2011 and
8,283,813 entitled “Robot Drive with Magnetic Spindle Bearings”
issued on October 9, 2012, the disclosures of which are
incorporated by reference herein 1in their entireties. The

substrate transport apparatus 100 may include a reluctance drive

17
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100D having one or more stators and corresponding rotors (which
in this aspect include an outer rotor 101 and an inner rotor
102). The rotors 101, 102 may be actuated by their respective
stators through an enclosure or isolation wall 103 based on any
suitable reluctance meotor principle. It is noted that due to,
for example, the comparatively large rotor diameters and high
torque capabilities the pancake style drive configurations may
offer a direct drive alternative to harmonic drive robots for
high/heavy payload applications. In other aspects any suitable
harmonic drive may be coupled to an output of the motors
described herein for driving one or more robotic arms. The
pancake style drive configurations may alsc allow for a hollow
central drive section which can accommodate a wvacuum pump inlet
and/or support partial or full integration of vacuum pumping
arrangement within the robot drive, such as in compact wvacuum
chambers with limited space around the robot drive or any other
suitable chamber in which the robot drive is at least partially

disposed.

[0033] The drives described herein may carry any suitable
robot arm 104 (as noted above) configured to transport, for
example, semiconductor wafers, flat panels for flat panel
displays, solar panels, reticles or any other suitable payload.
In this aspect the robot arm 104 is illustrated as a bi-
symmetric type robot arm (e.g. having opposing end effectors
that are linked in extension and retraction) where one of the
upper arms 104Ul1, 104U1’ is attached to the outer rotor 101 and
the other upper arm 10402, 104U2'’ is attached to the inner

18
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rotor 102. In other aspects, any suitable number and type of
robot arms may be attached to the drive motor arrangements
described herein. 1In addition to the bi-symmetric arm 104 other
examples of arm configurations that may be employed with the
pancake type motor arrangements or the stacked motor
arrangements include, but are not limited to, the arm
configurations described 1in United States patent application
number 12/117,415 entitled “Substrate Transport Apparatus with
Multiple Movable Arms Utilizing a Mechanical Switch Mechanism”
filed on May 8, 2008, the disclosure of which is incorporated by
reference herein in its entirety. For example, the arms may be
derived from a conventiocnal SCARA (selective compliant
articulated robot arm)-type design, which includes an upper arm,
a band-driven forearm and a band-constrained end-effector, by
eliminating the wupper arm, a telescoping arm or any other

suitable arm design.

[0034] The operation of the arms may be independent from each
other (e.g. the extension/retraction of each arm is independent
from other arms), may be operated through a lost motion switch
or may be operably linked in any suitable way such that the arms
share at least one common drive axis. As an example, a radial
extension move of the either end effector 104E1, 104E2 of the
bi-symmetric arm can be performed by substantially
simultaneously rotating the outer rotor 101 and inner rotor 102
in opposite directions substantially at the same rate. Rotation

of the arm 104 as a unit can be performed by rotating the outer
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rotor 101 and 1inner rotor 102 1in the same direction as

substantially the same rate.

[0035] Referring again to Figs. 2A and 2B and also to Fig.
2C, each drive shaft 201 may also have mounted thereto a sensor
or encoder track 202 with a position determining indicia or
features that interface with a sensor 203. It is noted that the
sensors described herein may be configured such that the read
head portion of the sensor 203 (e.g. the portion of the sensor
to which a sensing member is mounted) are modules that can be
inserted and removed from the drive housing or isolation wall
204 (it is noted that the isolation wall 204 may be a common
isolation wall that also seals the drive stators from the sealed
environment) . The sensor 203 may be fixed at least partly
within the housing 200H in any suitable manner that allows
sensing elements or members 203H of the sensor 203 to read or
otherwise be influenced by one or more scales 202S (which will
be described below) for providing position signals to any
suitable controller such as motion controller 190 (which may be
substantially similar to controller 11091 described above). In
one aspect at least a portion of the sensor 203 may be located
in the external environment and sealed or otherwise 1isolated
from the sealed environment with the isolation wall 204 as will
be described in greater detail below so that the sensor
electronics and/or magnets are disposed in the external
environment while the sensor track is disposed in the sealed
environment. The sealed environment may be difficult to monitor

directly due to, for example, harsh environmental conditions,
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such as vacuum environments or environments with extreme
temperatures. The aspects of the disclosed embodiments
described herein provide non-intrusive position measurement of a
moving object (e.g. such as a motor rotor, a robot arm connected
to the motor or any other suitable object) within the sealed

environment.

[0036] In one aspect, referring toc Fig. 3, the sensor 203 may
utilize magnetic circuit principles to detect the position of
the encoder track 202 where the encoder track has at least one
encoder scale (e.g. where each of the at least one encoder scale
has a predetermined pitch that may be different than a pitch of
other ones of the at least one encoder scale) located within the
sealed environment. The magnetic sensing system illustrated in
Fig. 3 is shown in a representative manner and may be configured
as a Giant Magneto Resistive sensor (GMR) or as a differential
type GMR (i.e. that senses the gradient field differential
between several locations, otherwise referred to as a
gradiometer) as will be described below. The sensor may include
at least one magnetic or ferromagnetic source 300, the
ferromagnetic encoder track 202, and at least one magnetic
sensing element or member 203H (corresponding to each magnetic
source) disposed substantially between the magnetic source and

the ferromagnetic track.

[0037] The encoder track may be configured so that the track
width (e.g. track face with enceding features thereon) may
extend in a plane extending radially outwards with the position

encoding features varying orthogonally from the track plane
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(e.g. up and down)as depicted in Fig. 2A. 1In other aspects, the
track width may be disposed in an axial direction parallel to
the drive axis (e.g. in a rotary drive configuration the track
face forms an annulus or cylinder surrounding the drive axis T
as in a “drum” shape, for example tracks 20251’, 202s82', 202537,
Figs. 2E-F) with the encoding features projecting radially (for
a rotary drive) or laterally from the track plane. In this
aspect the at least one magnetic sensing member 203H may have a
substantially flat (or otherwise without depending features)
track interface that interfaces substantially directly with the
track 202 but in other aspects, as described below, the at least
one magnetic sensor may be connected to ferromagnetic members
that include ferromagnetic features that interface with
corresponding features on the track. In one aspect the magnetic
source and the at least one sensing member 203H may be mounted
to or otherwise integrally formed on a printed circuit board
(PCB) 310 where the printed circuit board is a common c¢ircuit
board (e.g. commeon to each magnetic source and each of the at
least one sensing member). In other aspects each magnetic
source and sensing member may be mounted to one or more
respective printed circuit boards. In one aspect the magnetic
source 300 may be a permanent magnet located within the external
environment. In other aspects the magnetic source 300 may be
any suitable source such as ccoils configured to be energized to
produce a magnetic field. In one aspect the magnetic field
generated by the magnetic source (the field lines illustrated in
Fig. 3 for example purposes) depart from a north pole N (e.g.

pole facing away from the track, in other aspects the magnetic
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poles may have any suitable orientations) of the source 300 (or
in the case of energized coils in a direction determined by the
flow of current through the coils), may propagate as shown,
crossing the PCB 310, and flowing across the gap (e.g. between
the sensing member 203H and the track 202) through the non-
ferrous isclation wall 204, to the ferromagnetic track 202 and
back to the opposing pole S of the magnetic scurce 300. As the
ferromagnetic track moves relative to the magnetic source 300
one or more magnetic field profiles are generated. The magnetic
field profiles may have a general shape of cne or more of a sine
wave or a cosine wave. The sensing member 203H is configured to
detect changes to the magnetic flux that correlate with the

ferromagnetic track motion (e.g. the magnetic field profiles).

[0038] In one aspect the sensing member(s) 203H may be any
suitable giant magneto resistive (GMR) sensing element/member
capable of sensing a magnetic field in one or more locations.
In other aspects the sensing member(s) may be any suitable
sensing elements capable of sensing a magnetic field. In one
aspect the sensing member 203H may be configured to produce a
sinuscidal signal that can be used to provide a phase angle
associated with, for example, an incremental (and/or absolute)
position of the ferromagnetic track 202. In another aspect,
referring to Figs. 4A and 4B the sensing member(s) may be a
differential Giant-Magneto-Resistive (GMR) sensing member (e.g.
gradiometer) that is configured to sense a gradient field
between two locations in space. The magnetic sensing system may

be a gradiometer as previously noted. In the gradiometer
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configuration, an analog output signal of each sensing member
may be proporticnal to the magnetic field gradient between two
points 1in space. Fig. 47 illustrates a representative
gradiometer sensing member 203H’ including magneto resistive
elements MRE that may be arranged to form, for example, a
Wheatstone bridge that may effect a differential encoder
channel. As may be realized, the arrangement of the MRE’s (e.q.
R1-R4) on the gradiometer sensing member may be characteristic
of the encoding features on the encoder track and magnetic
source. Fig. 4B illustrates an exemplary gradiometer sensing
member 203H’’ in accordance with another aspect of the disclosed
embodiment including magneto resistive elements MRE arranged to
provide two differential signals (e.g. sine/cosine). The track
pitch P (Fig. 3) and a position of the magneto resistive
elements MRE on the sensing member 203H, 203H’, 203H’’ may be
matched such that differential sine and cosine outputs are

obtained from each of the sensing members 203H, 203H’, 203H'’.

[0039] Referring to Fig. 5, there 1s shown a schematic
diagram of the drive ©position determining circuitry in
accordance with an aspect of the disclosed embodiment. The
position determining circuitry may be integrated to a single
printed circuit board, or otherwise packaged as desired. 1In one
aspect the printed circuit board 310 (see Fig. b5) may include
the one or more sensing members 503H (substantially similar to
one or more of sensing members 203H, 203H’, 203H’’ described
above which may be integrated on a single chip), an error

compensation unit 506, a signal conditioning unit 501, a data
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sampling unit 502, a decoding unit 507, a brcadcasting unit 504
and a control and synchronization unit 505 (referred to herein
as the “control unit”). The functional units are shown and
described separately for simplicity but may be arranged and
combined in the circuitry as desired. In other aspects the
printed circuit board 310 may have any suitable configuration

for carrying out position sensing as described herein.

[0040] The control and synchronization unit 505 may include
any suitable modules for performing the sensor functions
described herein. For example, referring also to Fig. 5C, the
control and synchronization unit 505 may include one or more
analog to digital converter modules b505A (oversampling), 505E
(quiet time), 5HO05F (tracks), an absolute position decoding
module 505B, a sensor hysteresis compensation module 505C, a
temperature compensation module 505D, an automatic track
alignment calibration module 505G, an output protcoccol module
505H and an automatic amplitude, offset and phase calibration
module b505I. As may be realized, while the modules 505A-5051I
are described as being integrated with the control and
synchronization unit 505 in other aspects the modules 505A-505T
may be mounted to or integrated in the circuit board 310 so as
to be accessible by the control and synchronization unit 505.
For example, the mcdules 505A-505I may be integrated into one or
more of the functional units 501, 502, 504, 503, 507 or any
other suitable component o¢f the c¢ircuit board 310 sensing
circuit. In still other aspects the modules 505A-505I may be

mounted “off bocard” the circuit board 310 such as 1in any
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suitable controller but accessible by the control and
synchronization unit 505. The oversampling analcg to digital
converter module 505A may be configured to oversample (at any
desired configurable sampling rate) sensor readings as described
herein to improve noise immunity. The analog to digital
converter module 505E may be configured to sample sensor signals
at “guiet times” as described herein to avoid noisy events
within the senscor circuit. The analog to digital converter
module b505F may be configured to provide an on board analcog to
digital conversion of track data (e.g. position feedback data)
and allow for improved signal integrity while avoiding a need
for long interconnect cables between the position feedback and
an external controller. The absolute position decoding module
505B may be configured to allow the absolute position of the
sensor to be identified upon power up or at any other desired
time such that an incremental position can be properly aligned
to the true absolute ©position. The sensor  hysteresis
compensation module 505C may be configured to minimize
hysteresis inherent to the sensors 503H at any suitable
positions corresponding to one or more of a motor position or a
robot arm position. The temperature compensation module 505D
may be configured to allow compensation of temperature effects
and may include any suitable temperature look up table. The
automatic track alignment calibration module 505G may be
configured to identify a common origin between different tracks
202 using, for example, a software calibration so relax
tolerances of sensor locations in the circuit board 310 relative

to the respective tracks 202. The output protocol module 505H
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may be configured to provide a substantially universal
integration with different types of controllers using different

communication protocols.

[0041] As may be realized, the one or more sensing members
503H may generate raw analog signals (sine and/or cosine
signals) that reflect the topology of a respective scale 2025 on
the ferromagnetic track 202 (Fig. 2C). The error compensation
unit 506 may be configured to suitably address any limitations
correspeonding to the sensing technology selected (which in this
case may be GMR sensing technolcgy or any other suitable sensing
technolegy) . Examples of such limitations may include signal
distortion due to sensor non-linearity and saturation as well as
temperature drift effects and external magnetic field
disturbances. The error compensation may be performed on demand
such as with commands from the contrcl and synchronization unit
505 to the error compensation unit 506 or at any other suitable
predetermined time(s). The signal conditioning unit 501 may be
configured to scale (or otherwise calibrate - an example of
which 1is the normalization of the sinusoidal amplitudes and
offset removal) the raw analog signals from the sensing members
503H to a value within a deterministic range. The data sampling
unit 502 may be any suitable converter, such as an analog to
digital converter, configured to convert the conditioned signals
into raw digital data to be ©processed by any suitable
controller, such as those described herein. The decoding unit
503 may be configured to process the raw digital data generated

by the data sampling unit 502 and convert that raw digital data
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to position output data. It is noted that if an absolute
position is desired, the absolute position may be obtained from
analyzing data from multiple scales 2025 on the ferromagnetic
track 202 as will be described below. The broadcasting unit 504
may be configured to transmit the position output data to an
external device such as any suitable motion controller 190
(which may be communicably connected to the at least one sensor
where the a control and synchronization unit 505 receives sensor
signals from the at least one sensor and is suitably configured
to control a change in at least a predetermined characteristic
of the sensor signals, such as those noted below, in response to
communications from the motion controller). The broadcasting
unit 504 may also be configured to provide input information
from the motion controller 190 that may be used by the control
and synchronization unit 505 to effect timing and scheduling as

will be described below.

[0042] The contrecl and synchronization unit 505 may be
configured to manage and schedule the individual functional
units 503H, 501, 502, 504, 506, 507 as shown in Fig. 5. As
noted above, the individual functional units 503H, 501, 502,
504, 506, 507 and control and synchronization unit 505 may be
integrated into a single position feedback module that can be
installed in and removed from, for example, any suitable motor
as unit or unitary module. In one aspect the position feedback
module may be calibrated (Fig. 5B, Block 589) in any suitable
manner. For example, the calibration may be performed “off

board” a motor (e.g. while not installed in a motor) on, for
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example, at test bench as the relationship between the sensing
units is known. For example, any suitable software calibration
may be performed such that the position feedback module 1is
calibrated off board in its entirety (e.g. such that the module
is ready for operation) and installed. A final alignment
calibration between the sensing unit(s) 503H and the respective
tracks 202 may be performed (such as automatically with the on-
board automatic track calibration module 505G) with the position
feedback module in place (e.g. on board the motor). In other
aspects the motion controller 190 may be configured to manage
and schedule the individual functional wunits 503H, 501, 502,
504, 506, 507 in a manner substantially similar to that
described below with respect to the control and synchronization
unit 505. In still other aspects the management and scheduling
of the individual functional units may be shared between the
control and synchronization unit 505 and the motion controller
190. For example, the error compensation unit 506 can be
enabled by the control and synchronization unit 505 at any
suitable time (e.g. such as on-demand) to improve accuracy and
reproducibility of the sensing member 503H signal output. The
signal conditioning unit 501 may also be controlled by the
control and synchronization unit 505 to substantially
automatically normalize the analog signals upon request from the
control and synchronization unit 505 or at any other suitable
time. The data sampling unit execution can also be controlled
by the control and synchronization unit 505 so that position
data is sampled at “quiet” times where the sensing circuit is

not subject to transients or at any other suitable time(s). The
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control and synchronization unit 505 may also be configured to
define oversampling parameters to improve data quality from the
data sampling unit 502. The oversampling data may be taken at

any suitable time such as during Y“quiet times” as described

herein. The contrcl and synchronization unit 505 may also
effect position calculations by sending command(s) to the
decoding unit 507 when proper sampled data is available. The

control and synchronization unit 505 may also be configured to
control the broadcasting unit 504 such that a final decoded

position is output at predetermined times.

[0043] An exemplary implementation of the block diagram of
Fig. 5 is illustrated in Fig. b5A. In this aspect the printed
circuit board 310 includes three sensing members 503H1, 503H2,
503H3 (each capable of providing two differential signals) for
obtaining position signals from a ferromagnetic track 202 (see
for example, Figs. 2C and 6A) having three scales 202S. In one
aspect the sensing members 503H1, 503H2, 503H3 (as well as the
other sensors described herein) may be immovably fixed to the
circuit board. In other aspects the sensing members (as well as
the other sensors described herein) may be movably mounted to
the circuit becard sc that the sensing members may be adjusted
relative to their respective track 202 scales 202S. Referring
to Figs. 2C and 6A-6C, 1in one aspect the scales 2025 may
represent a 3-scale Nonius pattern that includes a master scale
20251, a Nonius scale 20252 and a segment scale 20283 but in
other aspects the ferromagnetic track may include any suitable

number of scales having any suitable positional relationship

30



WO 2015/073634 PCT/US2014/065392

relative to one another. Here each scale 21025 may include A
respective equally spaced pattern (e.g. each scale pattern may
have a respective pitch P1l, P2, P3) of ferromagnetic features
2028E (e.g. slots, protrusions, etc.). For each scale 2028
there may be a dedicated sensing member 503H1-503H3 that 1is
configured to provide analog signal outputs that substantially
mimic, for example, sine and cosine waves. In one aspect one or
more of the sensing members 503H1-503H3 may be arranged at any
suitable angle ol, o2 relative to another c¢f the sensing members
503H1-503H3 and/or a respective track 202351-202S3. In other
aspects the sensing members 503H1-503H3 may have any suitable
position relationship relative to each other and/or the
respective tracks 202S51-202S3. As may be realized, each scale
period and number of ferromagnetic features 202SE allows for a
track design that can be used to decode the absolute position of
the track by using any suitable Nonius interpolation approach
(see Fig. b5 which 1illustrates one suitable absolute position

decoding algorithm for a 3-scale track 202 as described herein).

[0044] One or more coils 600 may be integrally formed as a
one piece unit with (or otherwise mounted to or formed on) the
printed circuit board 310 in any suitable manner for hysteresis
compensation as will be described below. It is noted that the
data sampling unit 502 and decoding unit 507 may be formed as an
integral device or module as shown in Fig. 5A while in other
aspects the data sampling unit 502 and decoding unit 507 may be

separate units. As can also be seen in Fig. LA any suitable
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memory 50b5M may be connected to the control and synchronization

unit 505.

[0045] In one aspect the control and synchronization unit 505
may be configured to generate sensor signal commands to at least
one sensor based on sensor signals received from the at least
one sensor, where the sensor signal commands effect a change in
at least a predetermined characteristic of the sensor signals.
For example, the control and synchronization unit 505 may be
configured to control hysteresis in any suitable manner, such as
through a hysteresis compensation mechanism or module 505C (e.g.
the one or more coils 600 and associated hardware and software
for energizing the coil(s)) as will be described below. In one
aspect the control and synchronization unit 505 may effect
energizing the c¢oils so that the respective sensing members
503H1, 503H2, 503H3 are driven into saturation. The control and
synchronization unit 505 may schedule position data sampling
times, such as with module 505E, so that position data is not
sampled during the times that the  hysteresis is being
compensated (e.g. position data is not sampled when the coil(s)
is energized). By compensating for hysteresis in the sensing
members 503H, consistent analog signals may be output by the
sensing members 503H. In one aspect the one or more coils 600
may be provided on the printed circuit board 310 adjacent a
respective sensing member 503H1, 503H2, 503H3 as shown in Figs.
7A-7D which illustrate the coil(s) 600 being formed in one or
more layers 630-635 on or in the printed circuit board 310. As

an example of hysteresis compensation in accordance with aspects
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of the disclosed embodiment, the control and synchronization
unit 505 may cause the application of a hysteresis compensation
field in the o¢ne or more of the sensing members 503H by
energizing the coil(s) 600 at any suitable time (Fig. 5B, Block
590). For example, in one aspect, the control and
synchronization unit 505 may monitor the signals received from
the sensors and when a predetermined characteristic of the
signal (e.g. noise, amplitude, signal distortion, etc.) 1is
outside a predetermined range and/or exceeds a threshold value
the hysteresis compensation field may be generated. The control
and synchronization unit 505 may wait a predetermined time after
the hysteresis compensation field collapses and then command the
signal conditioning unit 501 to apply an appropriate (e.g. any
suitable) signal compensation to the resulting hysteresis-
compensated signal from one or more of the one or more sensing
members 503H (Fig. b5B, Block 591). It is noted that position
signals from the one or more sensing members b503H may not be
valid during times where the coil(s) 600 are energized and the
hysteresis compensation field is ncot collapsed. The control and
synchronization unit 505 may trigger or otherwise command the
data sampling unit 502 to convert the conditioned analog signal
into digital data (Fig. 5B, Block 592) and command the decoding
unit 507 to collect the digital data from the data sampling unit
502 and translate this digital data into final corrected
position data (Fig. 5B, Block 593). The control and
synchronization unit 505 may command the broadcasting unit 504
to communicate the final corrected position data to any suitable

controller such as controller 190 (Fig. 5B, Block 594) such that
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the controller 190 uses the final corrected position data to
control movement of the robot drive 200 and the one or more arms

attached thereto.

[0046] The aspects of the disclosed embodiment may allow for
a level of customization that can be used to optimize the
performance of any suitable position feedback system such as
those described herein with respect to semiconductor automation
robots. In one aspect the control and synchronization unit 505
and/or the data sampling unit 502 may be configured such that
the analog to digital conversion is configurable with
oversampling (such as with module b505A) to allow for improved
noise immunity. As noted above, the data sampling and analog to
digital conversion of the sensor signals for determining the
position of, e.g., the drive 200 (and hence the robot arms) may
be performed at “quiet times” (such as with modules 505A and/or
505E) which, as noted above, are times that avoid noisy events
within the «c¢ircuit (e.g. noisy events such as hysteresis
compensation, transients, etc.). In another aspects the control
and synchronization unit 505 may include any suitable
programming and/or algorithms stored in, for example, memory
505M that allows for on-demand absolute position decoding (such
as with module 505B) where the absolute position can be
identified upon power up or any other suitable time such that an
incremental positicon can be properly aligned to the absolute
position (this can be effected through the different scales on
the ferromagnetic track as described herein). The control and

synchronization unit 505 may include any suitable programming
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and/or algorithms stored in, for example, memory 505M that
allows for on-board (e.g. determined locally by the processing
capabilities of the sensor 203) substantially automatic track
alignment calibration (such as with module 505G) where a common
origin between the different scales 2025 of the ferromagnetic
track 202 is identified (e.g. such as by comparing signals of
each scale) so that tolerances of the sensor member 503H
locations can be relaxed in the -electrical circuit of the
printed circuit board 310 relative to the ferromagnetic track
202. As noted above, the coil(s) 600 and the control and
synchronization unit 505 may allow for on-demand hysteresis
compensation (as noted above - such as with module 505C) that
may be inherent to some sensing members at any suitable
positions of the ferromagnetic track (and hence the «robot
drive/robot arm) where repeatability of position is desired.
The control and synchronization unit 505 may include any
suitable programming and/or algorithms stored in, for example,
memory b05M that allows for on-board substantially automatic
amplitude, offset and phase calibration (such as with module
505I) which may allow for substantially real-time (where real
time refers to an operational deadline from an event to a system
response) signal conditioning to compensate for drifts due to,
for example, mechanical run out (or other state condition of the
sensor such as a rotation direction of the track 202 and/or
sensor hysteresis) and/or ambient condition effects (e.g. such
as a temperature of the at least one sensor). In another
aspect, the control and synchronization unit 505 may include any

suitable programming and/or algorithms stored in, for example,
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memory 50bM that allows for on-board temperature compensation
(such as with module 505D). For example, the sensor 203 may
include a temperature sensor 520 (Fig. 5A) communicably
connected to the control and synchronization unit 505 for
determining a temperature of one or more of the printed circuit
board 310, the sensing members 203H, 203H’, 203H’’, 503H1-503H3,
the ferromagnetic track 202 (and/or scales thereon) or any other
suitable component of the sensor 203. Any suitable lookup table
may be resident in any suitable memory, such as memory 505M that
correlates, for example, sensor signals with temperature to
provide signal conditioning compensation against temperature
effects. As can be seen in Fig. 5A, the sensor may be provided
with on-board analog to digital conversicon for each scale 2028
of the ferromagnetic track 202 which may allow for increased
analog signal integrity and avoid a need for long interconnect
cables between the position feedback sensor 203 and an external
controller such as controller 190. The control and
synchronization unit 505 and/or the broadcast unit 504 may also
be configured to provide multiple output protocols (such as with
module 505H) to allow for substantially universal integration
with different types of controllers. For example, the different
communication protocols may be stored in any suitable memory of
the sensor, such as memory 505M or a memory resident in the

broadcast unit 504.

[0047] Referring now to Figs. 8A and 8B, a portion of a
sensor 203’ is illustrated in accordance with an aspect of the

disclosed embodiment. The sensor 203’ may be substantially
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similar to those described above however, in this aspect the
sensing member 803H (which may be substantially similar to the
sensing members described above) may be disposed substantially
within a sensor air gap 810 of a ferromagnetic circuit member or
flux loop 820. The ferromagnetic circuit member 820 may include
a magnetic source 300 (which may be a permanent magnet or one or
more coils configured to generate a magnetic field as described
above), a first leg 822 (which includes the sensor air gap 810)
coupled to the magnetic source 300, a first extension member 823
communicably connected to the first leg 822 such that the
isclation wall 204 is disposed between the first extension
member and the first leg (in other aspects the first leg and
first extension member may be a one piece member that extends
through the isolation wall 204 in any suitable manner), a second
extension member 824 communicably interfaced with the first
extension member 823 across a sensor track air gap 830, and a
second leg 825 communicably connected to the second extension
824 such that the isolation wall 204 is disposed between the
second extension member and the second leg (in other aspects the
first leg and first extension member may be a one piece member
that extends through the isoclation wall 204 in any suitable
manner) . The second leg 825 is also coupled to the magnetic
source 300. As can be seen in Fig. B8A, the ferromagnetic
circuit member 820 forms a magnetic circuit between the magnetic
source 300 and the track 202 such that magnetic flux departs
from, for example, a north pole of the magnetic source 300,
travels along the first leg 822, across the sensor air gap 810

where the sensor 1is located, across the non-ferromagnetic
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isolation wall 204, continuing along the first extension member
823 across the track air gap 830 (e.g. through the track 202)
and along the second extension member 823 to return through the
isclation wall 204 such that the magnetic flux travels along the
second leg 825 to, for example, the south pole of the magnetic
source 300. The arrangement of the ferromagnetic circuit
member 820 allows the sensing member 803H to detect changes in
the sensor air gap 810 reluctance caused by changes in the
profile of the track 202 (e.g. as the track 202 moves relative
to the extension members 823, 824) without having to be placed
in an air gap located between the track 202 and the magnetic
source 300. The arrangement of the ferromagnetic circuit member
820 also allows for the sensor electronics to be located in the
external environment as noted above. It is noted that the
isclation wall may be disposed between the portions of the
ferromagnetic circuit members in a manner substantially similar
to that described in United States provisional patent having
attorney docket number 390P014939-US(-#1) entitled “SEALED ROBOT
DRIVE” and filed on November 13, 2013, previcusly incorporated

by reference herein in its entirety.

[0048] Referring now to Figs. 9A-9C, a portion of a sensor
203’7 is illustrated in accordance with an aspect of the
disclosed embodiment. The senscr 203’’ may be substantially
similar to those described above however, in this aspect the
sensing member 803H (which may be substantially similar to the
sensing members described above) may be disposed substantially

within a sensor air gap 905 of a ferromagnetic bridge c¢ircuit
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901 that is configured to emulate a Wheatstone bridge. The
ferromagnetic bridge circuit includes a first the ferromagnetic
circuit member 910 and a second the ferromagnetic circuit member
911 both o0of which may be substantially similar to the
ferromagnetic circuit member 820 described above such that each
of the first and second the ferromagnetic circuit members 910,
911 have portions (e.g. separated by the isclation wall 204)
that are located in the external envirconment and in the sealed
environment. Each of the ferromagnetic circuit members 910, 911
have two air gaps (e.g. one disposed on either side of the
isolation wall 204). For example, ferromagnetic c¢ircuit member
910 includes air gap CR2 disposed in the external environment
and CR1 disposed in the sealed environment while ferromagnetic
circuit member 911 includes air gap CR3 disposed in the external
environment and air gap VR disposed in the sealed environment.
It is noted that the magnets 300 of each of the ferromagnetic
circuit members 910, 911 are also disposed in the external
environment in a manner substantially similar to that described
above with respect to Figs. 8A and 8B. The air gaps CR1-CR3 may
be constant reluctance air gaps. The air gap VR may be a
variable reluctance air gap where the variable reluctance is
caused by one or more scales of the track 202 (which is located
within the air gap VR). A bridge member BR communicably
connects the ferromagnetic c¢ircuit members 910, 911 to each
other and includes a sensor air gap 905 in which the sensing
member 803H is at least partially dispcsed. In operation the
ferromagnetic bridge c¢ircuit 901 1is substantially balanced

whenever the air gap CR1-CR3, VR reluctances are substantially
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equal to each other. 1In the case where the ferromagnetic bridge
circuit 901 is balanced the sensing member 803H does not detect
a change in magnetic flux (or does not detect a magnetic flux)
across the sensor air gap 90b5. The reluctance balance 1is
disturbed by the motion of the track 202 scale(s) through the
air gap VR. For example, in the case of a rotary track 202 (or
in other aspects a linear track), as the track 202 moves the
magnetic flux changes across the sensor air gap 905. The
sensing member 803H senses or otherwise detects the changes in
the magnetic flux due to, for example, a topology of the track
scale(s) 2025 while utilizing magnetic flux densities that can
be adjusted to operate within the linear range of the sensing
member 803H. It is noted that the flux densities can be
adjusted in the ferromagnetic bridge circuit 901 by selecting

the air gap CR1-CR2Z2, VR reluctances.

[0049] As may be realized, in the aspects of the disclosed
embodiment shown in Figs. 8A-9C the portions of the
ferromagnetic circuits (e.g. extension members 823, 824 and at
least corresponding portions of ferromagnetic circuit in Figs.
9A-9C disposed in the sealed environment that include the track
air gap VR) that interface with the track 202 scale(s) 202S
across the air aps 830, VR may include pick up features PIC
(Fig. 9B) formed in or otherwise affixed to the ferromagnetic
material of the circuits. These pick up features PIC may be
disposed on opposite sides of the air gaps 830, VR and have a
pitch substantially equal tc¢ the pitch P (Fig. 3) of a

respective scale 202S and a size on the same order of magnitude
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as the ferromagnetic features 202SE of the scale 202S such that
local flux are established that are capable of sensing the track
202 profile. These flux lines will add up and propagate to the
sensing member 803H such that the result of the flux across the
sensor air gap 810, 905 is substantially uniform for any given
position of the track 202. As can be seen in Fig. 9B when the
pick up features PIC are substantially aligned with the
ferromagnetic features 202SE of the scale 2028 substantially
zero or no flux passes through the air gap 830, VR. When the
pick up features PIC are misaligned with the ferromagnetic
features 202SE of the scale 2025 magnetic flux flows through the
air gap 830, VR such that movement of the ferromagnetic features
2028E across the pick up features PIC produces a sinusoidal wave
(as shown in Fig. 9D) that is detected by the sensing member

803H.

[0050] Referring now to Figs. 10A-10C, a portion of a sensor
203777 is illustrated in accordance with an aspect of the
disclosed embodiment. The senscor 203’’’ may be substantially
similar to sensor 203’’ however, in this aspect the bridge
member BR’ includes flux concentrators FCl, FC2 configured to
maximize the magnetic flux that flows between ferromagnetic
circuit member 910’ and ferromagnetic circuit member 911’ such
that the sensing member 803H is disposed across or at least
partly within the sensor air gap 905 defined by the flux
concentrators FCl, FC2. Also, in this aspect, the ferromagnetic
circuit members 910’, 911’ are illustrated without the constant

reluctance air gaps CR1-CR3 but in other aspects the
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ferromagnetic <c¢ircuit members 9107, 911° may include the
constant reluctance air gaps CR1I-CR3 in a manner substantially
similar to that described above. As can also be seen in Figs.
10A-10C an isolation wall may be disposed in a wall gap WG in a
manner substantially similar to that described above with
respect to Figs. 8A-9C. 1In operation each ferromagnetic circuit
member 910’, 911’ has a corresponding magnetic flux <&; and &
associated therewith. In a manner substantially similar to that
described above, as the track 202 moves within the air gap VR
the ferromagnetic features 202SE of the track 202 move past the
pick up features PIC of ferromagnetic circuit member 911’ such
that an air gap between the ferromagnetic features 202SE and the
pick up features PIC changes as shown in Figs. 10B and 10C. As
can be seen 1in Fig. 10B when the pick up features PIC are
substantially aligned with the ferromagnetic features 202SE of
the scale 202S the effective air gap between the puck up
features PIC and the track 202 is at its minimum wvalue such that
the fluxes &; and &, are substantially equal and substantially
zero or no flux passes through the air gap VR and there is
substantially no magnetic flux across the air gap 905. When the
pick up features PIC are misaligned with the ferromagnetic
features 202SE of the scale 202S the effective air gap between
the pick up features PIC and the tack 202 can be brought to is
maximum such that the reluctance across the air gap VR is higher
than the reluctance across the air gap VR when the pick up
features PIC are substantially aligned with the ferromagnetic
features 202SE of the track 202 which causes a flux imbalance

between the ferromagnetic circuit members 9107, 911’. As a
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result of the flux imbalance between the ferromagnetic circuit
members 910’, 911’ a magnetic flux flows through the air gap VR
and as a result a flux &3 (detected or otherwise sensed by the
sensing member 803H) flows across the sensor air gap 905. As
may be realized, movement of the ferromagnetic features 202SE
across the pick up features PIC causes the flux &3 to change
between maximum and minimum wvalues such that the flux &3 emulates
a sinusoidal wave (e.g. as shown in Fig. 9D) that is detected by

the sensing member 803H.

[0051] It is noted that the fluxes &; and &, can be adjusted
in any suitable manner to balance the fluxes of the
ferromagnetic circuit members 910’, 911 such as by adjusting a
size of the wall gap WG (e.g. a DC offset) of at least one of
the ferromagnetic circuit members 910’, 911’ and/or the size of
the sensor air gap 905 (e.g. a signal amplitude) as shown in
Fig. 10D. As may be realized, the air gap 905 across the
sensing member 803H may dictate an amount of maximum flux
detected during points of misalignment between the pick up
features PIC and the ferromagnetic features 202SE. It is also
possible to induce a DC component of the magnetic flux by
causing a constant imbalance between the ferromagnetic circuit
members 910’, 911’ Dby altering the wall gap WG across the
isolation wall of only one of the ferromagnetic circuit members

9107, 911’.

[0052] As may be realized, more than one sensor as shown in
Figs. 8A-9C and 10A-10D can be integrated with or otherwise

mounted to the printed <circuit Dboard 310 in a manner
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substantially similar to that described above. As can be seen
in Fig. 11 a sensor configuration 1s illustrated that 1is
substantially similar to that described above with respect to
Figs. b5A, 6A-6C where the sensor track 202 includes a master
scale 20281 (e.g. that may generate a sine wave), a Nonius scale
20252 (e.g. that may generate any suitable reference wave form)
and a segment scale 20253 (e.g. that may generate a cosine wave)
where the master and segment scales are measured with reference
to the Nonius scale. Corresponding ferromagnetic circuit
members 1101-1103 (which may be substantially similar to one or
more of the ferromagnetic c¢ircuit members described above with
respect to Figs. B8A-9C and 10A-10D) are integrated with or
otherwise mounted to the ©printed circuit board 310 for
interfacing with a respective one of the scales 20251-202S3 such
that the sensing member 803H is disposed adjacent a respective
coil(s) 600 (Figs. 5A and 7A-7D) for hysteresis compensation as
described above. The signals from each of the sensing members
of the ferromagnetic circuit members 1101-1103 may be processed
as described above to determine the position of the track 202
and hence the robot drive 200 and/or arm(s) 208 connected to the

robot drive.

[0053] As may be realized the aspects of the disclosed
embodiment described above provide a position sensor that is
capable of true absolute position measurement/feedback and for
which no electronic components, cables or magnets are located in
the sealed environment. As such there is no need for

hermetically sealed connectors via feed-throughs in the
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isclation wall 204. As may also be realized, the aspects of the
position sensor described herein provide for operation of the
position sensor in a harsh environment (e.g. corrosive, extreme
temperatures, high pressure, high wvacuum, liquid media, etc.).
The aspects of the position sensor described herein also provide
for operation of the position sensor in the ©presence of
contaminants (e.g. due to the magnetic principles on which the
position sensor operates - as described above) that may
otherwise prevent reading the scales 202S of the track 202 such

as in the case of an optical senscor.

[0054] In accordance with one or more aspects of the
disclosed embodiment, a transport apparatus includes a housing;
a drive mounted to the housing; at least one transport arm
connected to the drive, the drive including at least one rotor
having at least one salient pole of magnetic permeable material
and disposed in an isclated environment, at least one stator
having at least one salient pole with corresponding coil units
and disposed outside the isclated environment where the at least
one salient pole of the at least one stator the at least one
salient pole of the rotor form a closed magnetic flux circuit
between the at least one rotor and the at least one stator, and
at least one seal partition configured to isolate the isolated
environment; and at least one sensor, the at least one sensor
including a magnetic sensor member connected to the housing, at
least one sensor track connected to the at least one rotor where
the at least one seal partition is disposed between and

separates the magnetic sensor member and the at least one sensor
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track so that the at least one sensor track is disposed in the
isclated environment and the magnetic sensor member is disposed

outside the isolated environment.

[0055] In accordance with one or more aspects of the
disclosed embodiment, at least a portion o¢f the at least one

seal partition is integral to the magnetic sensor member.

[0056] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor comprises at least
one ferromagnetic flux loop having a sensor air gap where the
magnetic sensor member interfaces with the at least one

ferromagnetic flux loop.

[0057] In accordance with one or more aspects of the
disclosed embodiment, the magnetic sensor member is configured

to detect changes in a reluctance of the sensor air gap.

[0058] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
comprises first and second ferromagnetic flux loops having a
sensor bridge member between the first and second ferromagnetic
flux loops where the senscor air gap is located in the sensor
bridge member, one of the first and second ferromagnetic flux
loops having a track air gap in which at least a portion of the

at least one sensor track is disposed.

[0059] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop

emulates a Wheatstone bridge.
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[0060] In accordance with one or more aspects of the
disclosed embodiment, each of the at least one ferromagnetic
flux loop includes a track interface portion disposed in the
isclated environment and a sensor member interface portion
disposed outside the isclated environment, the track interface
portion and the sensor member interface portion being separated

by the at least one seal partition.

[0061] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop

includes flux concentrator elements disposed in the sensor air

gap.

[0062] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
includes a track air gap in which at least a portion of the at

least one sensor track is disposed.

[0063] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor includes a

substantially featureless track interface.

[0064] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor track includes a
first track having a first pitch and at least a second track
having a respective pitch that is different than at least the
first pitch, and the at least one sensor includes a first sensor
corresponding to the first track and at least a second sensor

corresponding to a respective one of the at least second track.
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[0065] In accordance with one or more aspects of the
disclosed embodiment, the magnetic sensor member comprises a
differential Sensor having Sensor elements arranged to
substantially match a pitch of the at least one sensor track
such that differential sine and cosine output signals are

obtained from the magnetic sensor member.

[0066] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements form a Wheatstone

bridge.

[0067] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements are disposed on a

common printed circuit board of the magnetic sensor member.

[0068] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor interfaces
substantially directly with the at least one sensor track

through the at least one seal partition.

[0069] In accordance with one or more aspects of the
disclosed embodiment, a transport apparatus includes a housing;
a drive mounted to the housing; at least one transport arm
connected to the drive, the drive including at least one rotor
having at least one salient pole of magnetic permeable material
and disposed in an isclated environment, at least one stator
having at least one salient pole with corresponding coil units
and disposed outside the isclated environment where the at least
one salient pole of the at least one stator the at least one

salient pole of the rotor form a closed magnetic flux circuit
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between the at least one rotor and the at least one stator, and
at least one seal partition configured to isolate the isoclated
environment; at least one sensor, the at least one sensor
including a magnetic sensor member connected to the housing, at
least one sensor track connected to the at least one rotor where
the at least one seal partition is disposed between and
separates the magnetic sensor member and the at least one sensor
track so that the at least one sensor track is disposed in the
isclated environment and the magnetic sensor member is disposed
outside the isolated environment; and a sensor controller
configured to generate sensor signal commands to the at least
one sensor based on sensor signals received from the at least
one sensor, where the sensor signal commands effect a change in

at least a predetermined characteristic of the sensor signals.

[0070] In accordance with one or more aspects of the
disclosed embodiment, at least a portion o¢f the at least one

seal partition is integral to the magnetic sensor member.

[0071] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor comprises at least
one ferromagnetic flux loop having a sensor air gap where the
magnetic sensor member interfaces with the ferromagnetic flux

loop.

[0072] In accordance with one or more aspects of the
disclosed embodiment, the magnetic sensor member is configured

to detect changes in a reluctance of the sensor air gap.
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[0073] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
comprises first and second ferromagnetic flux loops having a
sensor bridge member between the first and second ferromagnetic
flux loops where the senscor air gap is located in the sensor
bridge member, one of the first and second ferromagnetic flux
loops having a track air gap in which at least a portion of the

at least one sensor track is disposed.

[0074] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop

emulates a Wheatstone bridge.

[0075] In accordance with one or more aspects of the
disclosed embodiment, each of the at least one ferromagnetic
flux loop includes a track interface portion disposed in the
isolated environment and a sensor member interface portion
disposed outside the isclated environment, the track interface
portion and the sensor member interface portion being separated

by the at least one seal partition.

[0076] In accordance with one or more aspects of the
disclosed embodiment, wherein the at least one ferromagnetic
flux locop includes flux concentrator elements disposed in the

sensor air gap.

[0077] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
includes a track air gap in which at least a portion of the at

least one sensor track is disposed
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[0078] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor includes a

substantially featureless track interface

[0079] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor track includes a
first track having a first pitch and at least a second track
having a respective pitch that is different than at least the
first pitch, and the at least one sensor includes a first sensor
corresponding to the first track and at least a second sensor

corresponding to a respective one of the at least second track.

[0080] In accordance with one or more aspects of the
disclosed embodiment, the magnetic sensor member comprises a
differential Sensor having Sensor elements arranged to
substantially match a pitch of the at least one sensor track
such that differential sine and cosine output signals are

obtained from the magnetic sensor member.

[0081] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements form a Wheatstone

bridge.

[0082] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements are disposed on a

common printed circuit board of the magnetic sensor member.

[0083] In accordance with one or more aspects of the

disclosed embodiment, the at least one sensor interfaces
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substantially directly with the at least one sensor track

through the at least one seal partition.

[0084] In accordance with one or more aspects of the
disclosed embodiment, a transport apparatus includes a housing;
a drive mounted to the housing; at least one transport arm
connected to the drive, the drive including at least one rotor
having at least one salient pole of magnetic permeable material
and disposed in an isclated environment, at least one stator
having at least one salient pole with corresponding coil units
and disposed outside the isclated environment where the at least
one salient pole of the at least one stator the at least one
salient pole of the rotor form a closed magnetic flux circuit
between the at least one rotor and the at least one stator, and
at least one seal partition configured to isolate the isolated
environment; at least one sensor, the at least one sensor
including a magnetic sensor member connected to the housing, at
least one sensor track connected to the at least one rotor where
the at least one seal partition is disposed between and
separates the magnetic sensor member and the at least one sensor
track so that the at least one sensor track is disposed in the
isclated environment and the magnetic sensor member is disposed
outside the isolated environment; a sensor controller
communicably connected to the at least one sensor, the sensor
controller being configured to provide sensor signal commands;
and a motion controller communicably connected to the at least
one sensor and the sensor controller and configured to receive

sensor signals from the at least one sensor, where the sensor

52



WO 2015/073634 PCT/US2014/065392

controller is configured to control a change in at least a
predetermined characteristic of the sensor signals in response

to communications from the motion controller.

[0085] In accordance with one or more aspects of the
disclosed embodiment, at least a portion o¢f the at least one

seal partition is integral to the magnetic sensor member.

[0086] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor comprises at least
one ferromagnetic flux loop having a sensor air gap where the
magnetic sensor member interfaces with the ferromagnetic flux

loop.

[0087] In accordance with one or more aspects of the
disclosed embodiment, the magnetic sensor member is configured

to detect changes in a reluctance of the sensor air gap.

[0088] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
comprises first and second ferromagnetic flux loops having a
sensor bridge member between the first and second ferromagnetic
flux loops where the senscor air gap is located in the sensor
bridge member, one of the first and second ferromagnetic flux
loops having a track air gap in which at least a portion of the

at least one sensor track is disposed.

[0089] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop

emulates a Wheatstone bridge.
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[0090] In accordance with one or more aspects of the
disclosed embodiment, each of the at least one ferromagnetic
flux loop includes a track interface portion disposed in the
isclated environment and a sensor member interface portion
disposed outside the isclated environment, the track interface
portion and the sensor member interface portion being separated

by the at least one seal partition.

[0091] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop

includes flux concentrator elements disposed in the sensor air

gap.

[0092] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
includes a track air gap in which at least a portion of the at

least one sensor track is disposed.

[0093] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor includes a

substantially featureless track interface.

[0094] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor track includes a
first track having a first pitch and at least a second track
having a respective pitch that is different than at least the
first pitch, and the at least one sensor includes a first sensor
corresponding to the first track and at least a second sensor

corresponding to a respective one of the at least second track.
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[0095] In accordance with one or more aspects of the
disclosed embodiment, the magnetic sensor member comprises a
differential Sensor having Sensor elements arranged to
substantially match a pitch of the at least one sensor track
such that differential sine and cosine output signals are

obtained from the magnetic sensor member.

[0096] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements form a Wheatstone

bridge.

[0097] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements are disposed on a

common printed circuit board of the magnetic sensor member.

[0098] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor interfaces
substantially directly with the at least one sensor track

through the at least one seal partition.

[0099] In accordance with one or more aspects of the
disclosed embodiment, a transport apparatus includes a housing;
a drive mounted to the housing; at least one transport arm
connected to the drive, the drive including at least one rotor
having at least one salient pole of magnetic permeable material
and disposed in an isclated environment, at least one stator
having at least one salient pole with corresponding coil units
and disposed outside the isclated environment where the at least
one salient pole of the at least one stator the at least one

salient pole of the rotor form a closed magnetic flux circuit
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between the at least one rotor and the at least one stator, and
at least one seal partition configured to isolate the isoclated
environment; at least one sensor, the at least one sensor
including a magnetic sensor member connected to the housing, at
least one sensor track connected to the at least one rotor where
the at least one seal partition is disposed between and
separates the magnetic sensor member and the at least one sensor
track so that the at least one sensor track is disposed in the
isclated environment and the magnetic sensor member is disposed
outside the isolated environment; and a sensor controller
configured for real-time sensor signal tuning in response to
variations in at least one of an ambient condition of the at

least one sensor or state condition of the at least one sensor.

[0100] In accordance with one or more aspects of the
disclosed embodiment, the ambient condition of the at least one

sensor is a temperature of the at least one sensor.

[0101] In accordance with one or more aspects of the
disclosed embodiment, the state condition of the at least one
sensor is at least one of a rotation direction of the at least

one sensor track or sensor hysteresis.

[0102] In accordance with one or more aspects of the
disclosed embodiment, wherein at least a portion of the at least

one seal partition is integral to the magnetic sensor member.

[0103] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor comprises at least

one ferromagnetic flux loop having a sensor air gap where the

56



WO 2015/073634 PCT/US2014/065392

magnetic sensor member interfaces with the at least one

ferromagnetic flux loop.

[0104] In accordance with one or more aspects of the
disclosed embodiment, the magnetic member is configured to

detect changes in a reluctance of the sensor air gap.

[0105] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
comprises first and second ferromagnetic flux loops having a
sensor bridge member between the first and second ferromagnetic
flux loops where the senscor air gap is located in the sensor
bridge member, one of the first and second ferromagnetic flux
loops having a track air gap in which at least a portion of the

at least one sensor track is disposed.

[0106] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop

emulates a Wheatstone bridge.

[0107] In accordance with one or more aspects of the
disclosed embodiment, each of the at least one ferromagnetic
flux loop includes a track interface portion disposed in the
isolated environment and a sensor member interface portion
disposed outside the isclated environment, the track interface
portion and the sensor member interface portion being separated

by the at least one seal partition.

[0108] In accordance with one or more aspects of the

disclosed embodiment, the at least one ferromagnetic flux loop

57



WO 2015/073634 PCT/US2014/065392

includes flux concentrator elements disposed in the sensor air

gap.

[0109] In accordance with one or more aspects of the
disclosed embodiment, the at least one ferromagnetic flux loop
includes a track air gap in which at least a portion of the at

least one sensor track is disposed.

[0110] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor includes a

substantially featureless track interface.

[0111] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor track includes a
first track having a first pitch and at least a second track
having a respective pitch that is different than at least the
first pitch, and the at least one sensor includes a first sensor
corresponding to the first track and at least a second sensor

corresponding to a respective one of the at least second track.

[0112] In accordance with one or more aspects of the
disclosed embodiment, the magnetic sensor member comprises a
differential Sensor having Sensor elements arranged to
substantially match a pitch of the at least one sensor track
such that differential sine and cosine output signals are

obtained from the magnetic sensor member.

[0113] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements form a Wheatstone

bridge.
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[0114] In accordance with one or more aspects of the
disclosed embodiment, the sensor elements are disposed on a

common printed circuit board of the magnetic sensor member.

[0115] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor interfaces
substantially directly with the at least one sensor track

through the at least one seal partition.

[0116] In accordance with one or more aspects of the
disclosed embodiment, a transport apparatus includes a frame; a
drive section connected to the frame having at least one drive
shaft; a transport arm movably mounted to the drive section and
driven by the at least one drive shaft; and a position feedback
apparatus including at least one track mounted to a respective
one of the at least one drive shaft, each of the at least one
track having at least one scale disposed thereon, and at least
one read head corresponding to a respective track, the at least
one read head including at least one senscor mounted to a common
support member, the at least one sensor being configured to
sense a respective scale on the respective track, and at least

one energizing coil integrally formed with the support member.

[0117] In accordance with one or more aspects of the
disclosed embodiment, the at least one energizing c¢oil 1is
configured to generate an energizing pulse through a respective

sensor to substantially eliminate sensor hysteresis.

[0118] In accordance with one or more aspects of the

disclosed embodiment, the transport apparatus further includes a
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controller <connected to the at 1least one read head, the
controller being configured to sample track data from the at
least one sensor so that sampling occurs a predetermined time
after the energizing pulse through the respective sensor 1is

generated.

[0119] In accordance with one or more aspects of the

disclosed embodiment, the energizing pulse saturates the sensor.

[0120] In accordance with one or more aspects of the
disclosed embodiment, the at 1least one read head and the
respective track are separated from one another by an isolation
wall such that the respective track 1s disposed in a first
environment and the at least o¢ne read head is disposed in a

second environment different than the first environment.

[0121] In accordance with one or more aspects of the
disclosed embodiment, the first environment is a vacuum
environment and the second environment is an atmospheric

environment.

[0122] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor includes a

substantially featureless track interface.

[0123] In accordance with one or more aspects of the
disclosed embodiment, the at least one scale includes a first
scale having a first pitch and at least a second scale having a
respective pitch that is different from at least the first pitch

and the at least one sensor includes a first sensor
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corresponding to the first scale and at least a second sensor

corresponding to a respective one of the at least second scale.

[0124] In accordance with one or more aspects of the
disclosed embodiment, the first sensor and the at least second

sensor are immovably fixed to the support member.

[0125] In accordance with one or more aspects of the
disclosed embodiment, the at least one sensor comprises a giant

magneto resistive sensor or any suitable magnetic sensor.

[0126] In accordance with one or more aspects of the
disclosed embodiment a variable reluctance motor assembly
includes a casing having a drum structure, a stator mounted
within the drum structure, a rotor mounted within the drum
structure and interfaced with the stator, a sensor track
connected to the rotor, and a giant magneto resistive sensor
mounted to the casing, where the casing includes a common datum
that forms a stator interface surface configured to support the
stator and position the statcor and rotor relative to each other
for effecting a predetermined gap between the stator and rotor
and configured to support the giant magneto resistive sensor in
a predetermined position relative to the common datum so as to
effect a predetermined gap between the giant magneto resistive
sensor and sensor track, where the stator, rotor, giant magneto
resistive sensor and sensor track are positioned relative to and

depend from the common datum.

[0127] In accordance with one or more aspects of the

disclosed embodiment the variable reluctance motor assembly
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further includes an isolation wall 2403 supported by the stator
such that the isolation wall is located in a predetermined

position relative to the common datum and the rotor.

[0128] In accordance with one or more aspects of the
disclosed the casing is a monolithic member that forms the drum
structure and into which slots are formed for one or more of

sensors, control boards and drive connectors.

[0129] In accordance with one or more aspects of the
disclosed embodiment the casing is an integral assembly formed
by two or more hoop members connected to each other to form the

drum structure.

[0130] In accordance with one or more aspects of the
disclosed embodiment a variable reluctance motcocr casing includes
an exterior surface, an interior surface where the exterior and
interior surfaces form a drum structure, the interior surface
including a common datum that forms a stator interface surface
configured to support a stator and position the stator and a
rotor relative to each within the casing to effect a
predetermined gap between the stator and rotor, and a sensor
interface surface configured to support a giant magneto
resistive sensor relative to a sensor track connected to the
rotor and effect a predetermined gap between the giant magneto
resistive sensor and sensor track, where the sensor interface
surface 1is positioned relative to the common datum so that the
stator, rotor and giant magneto resistive sensor are positioned

from and supported by the common datum.
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[0131] In accordance with one or more aspects of the
disclosed embodiment the interior surface includes a rotor
interface surface positioned relative to the common datum so
that the stator and rotor are positioned from and supported by

the common datum.

[0132] In accordance with one or more aspects of the
disclosed embodiment, the sensor interface surface is formed as

a slot within the drum structure.

[0133] In accordance with one or more aspects of the
disclosed embodiment, the slot is configured to house the sensor

and a motor control board.

[0134] In accordance with one or more aspects of the
disclosed the drum structure is a monolithic member into which
slots are formed for one or more of sensors, control boards and

drive connectors.

[0135] In accordance with one or more aspects of the
disclosed embodiment the drum structure is an integral assembly

formed by two or more hoop members connected to each other.

[0136] It should be understcocod that the foregoing description
is only illustrative of the aspects of the disclcsed embodiment.
Various alternatives and modifications can be devised by those
skilled in the art without departing from the aspects of the
disclosed embodiment. Accordingly, the aspects of the disclosed
embodiment are intended to embrace all such alternatives,

modifications and wvariances that fall within the scope of the
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appended claims. Further, the mere fact that different features
are recited in mutually different dependent or
independent claims does not indicate that a combination of these
features cannot be advantageously used, such a combination

remaining within the scope of the aspects of the invention.

[0137] What is claimed is:
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A transport apparatus comprising:

a housing;

a drive mounted to the housing; and

at least one transport arm connected to the drive,

where the drive includes

at least one rotor having at least one salient pole of
magnetic permeable material and disposed in an

isolated environment;

at least one stator having at least one salient pole
with corresponding coil units and disposed outside the
isolated environment where the at least one salient
pole of the at least one stator and the at least one
salient pole of the rotor form a closed magnetic flux
circuit between the at least one rotor and the at

least one stator;

at least one seal partition configured to isolate the

isolated environment; and

at least one sensor including

a magnetic sensor member connected to the

housing;

at least one sensor track connected to the at

least one rotor;
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where the at least one seal partition is disposed
between and separates the magnetic sensor member
and the at least one sensor track so that the at
least one sensor track 1is disposed in the
isolated environment and the magnetic sensor
member is disposed outside the isolated

environment.

2. The transport apparatus of c¢laim 1, wherein at least a
portion of the at least one seal partition is integral to the

magnetic sensor member.

3. The transport apparatus of claim 1, wherein the at least one
sensor comprises at least one ferromagnetic flux loop having a
sensor air gap where the magnetic sensor member interfaces with

the at least one ferromagnetic flux loop.

4. The transport apparatus of c¢laim 3, wherein the magnetic
sensor member is configured to detect changes in a reluctance of

the sensor air gap.

5. The transport apparatus of claim 3, wherein the at least one
ferromagnetic flux loop comprises first and second ferromagnetic
flux loops having a sensor bridge member between the first and
second ferromagnetic flux loops where the sensor air gap 1is
located in the sensor bridge member, one of the first and second
ferromagnetic flux loops having a track air gap in which at

least a portion of the at least one sensor track is disposed.
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6. The transport apparatus of claim 3, wherein the at least one

ferromagnetic flux loop emulates a Wheatstone bridge.

7. The transport apparatus of claim 3, wherein each of the at
least one ferromagnetic flux loop includes a track interface
portion disposed in the isolated environment and a sensor member
interface portion disposed outside the isolated environment, the
track interface portion and the sensor member interface portion

being separated by the at least one seal partition.

8. The transport apparatus of claim 3, wherein the at least one
ferromagnetic flux loop 1includes flux concentrator elements

disposed in the sensor air gap.

9. The transport apparatus of claim 3, wherein the at least one
ferromagnetic flux loop includes a track air gap 1in which at

least a portion of the at least one sensor track is disposed.

10. The transport apparatus of claim 1, wherein the at least one

sensor includes a substantially featureless track interface.

11. The transport apparatus of claim 1, wherein the at least one
sensor track includes a first track having a first pitch and at
least a second track having a respective pitch that is different
than at least the first pitch, and the at least one sensor
includes a first sensor corresponding to the first track and at
least a second sensor corresponding to a respective one of the

at least second track.

12. The transport apparatus of c¢laim 1, wherein the magnetic

sensor member comprises a differential sensor having sensor
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elements

arranged to substantially match a pitch of the at least

one sensor track such that differential sine and cosine output

signals are obtained from the magnetic sensor member.

13. The

elements

14. The
elements

magnetic

transport apparatus of claim 12, wherein the sensor

form a Wheatstone bridge.

transport apparatus of c¢laim 12, wherein the sensor
are disposed on a common printed circuit board of the

sensor member.

15. The transport apparatus of claim 1, wherein the at least one

sensor interfaces substantially directly with the at least one

sensor track through the at least one seal partition.

l6. A transport apparatus comprising:

a housing;

a drive mounted to the housing;

at least one transport arm connected to the drive,

where the drive includes

at least one rotor having at least one salient pole of
magnetic permeable material and disposed in an

isolated environment;

at least one stator having at least one salient pole
with corresponding coil units and disposed outside the

isolated environment where the at least one salient
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pole of the at least one stator and the at least one
salient pole of the rotor form a closed magnetic flux
circuit between the at least one rotor and the at

least one stator;

at least one seal partition configured to isolate the

isolated environment; and

at least one sensor including

a magnetic sensor member connected to the

housing;

at least one sensor track connected to the at
least one rotor where the at least one seal
partition is disposed between and separates the
magnetic senscr member and the at least one
sensor track so that the at least one sensor
track is disposed in the isclated environment and
the magnetic sensor member 1is disposed outside

the isolated environment; and

a senscor controller configured to generate sensor
signal commands to the at least one sensor based on
sensor signals received from the at least one sensor,
where the sensor signal commands effect a change in at
least a predetermined characteristic of the sensor

signals.
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17. The transport apparatus of c¢laim 16, wherein at least a
portion of the at least one seal partition is integral to the

magnetic sensor member.

18. The transport apparatus of claim 16, wherein the at least
one sensor comprises at least one ferromagnetic flux loop having
a sensor air gap where the magnetic sensor member interfaces

with the ferromagnetic flux lcop.

19. The transport apparatus of claim 18, wherein the magnetic
sensor member is configured to detect changes in a reluctance of

the sensor air gap.

20. The transport apparatus of claim 18, wherein the at least
one ferromagnetic flux loop comprises first and second
ferromagnetic flux loops having a sensor bridge member between
the first and second ferrcmagnetic flux loops where the sensor
air gap is located in the sensor bridge member, one of the first
and second ferromagnetic flux loops having a track air gap in
which at least a portion of the at least one sensor track is

disposed.

21. The transport apparatus of claim 18, wherein the at least

one ferromagnetic flux loop emulates a Wheatstone bridge.

22. The transport apparatus of claim 18, wherein each of the at
least one ferromagnetic flux loop includes a track interface
portion disposed in the isolated environment and a sensor member

interface portion disposed outside the isolated environment, the
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track interface portion and the sensor member interface portion

being separated by the at least one seal partition.

23. The transport apparatus of claim 18, wherein the at least
one ferromagnetic flux loop includes flux concentrator elements

disposed in the sensor air gap.

24. The transport apparatus of claim 18, wherein the at least
one ferromagnetic flux loop includes a track air gap in which at

least a portion of the at least one sensor track is disposed

25. The transport apparatus of claim 16, wherein the at least

one sensor includes a substantially featureless track interface

26. The transport apparatus of claim 16, wherein the at least
one sensor track includes a first track having a first pitch and
at least a second track having a respective pitch that is
different than at least the first pitch, and the at least one
sensor includes a first sensor corresponding to the first track
and at least a second sensor corresponding to a respective one

of the at least second track.

27. The transport apparatus of claim 16, wherein the magnetic
sensor member comprises a differential sensor having sensor
elements arranged to substantially match a pitch of the at least
one sensor track such that differential sine and cosine output

signals are obtained from the magnetic sensor member.

28. The transport apparatus of c¢laim 27, wherein the sensor

elements form a Wheatstone bridge.

71



WO 2015/073634 PCT/US2014/065392

29. The transport apparatus of c¢laim 27, wherein the sensor
elements are disposed on a common printed circuit board of the

magnetic sensor member.

30. The transport apparatus of claim 16, wherein the at least
one sensor interfaces substantially directly with the at least

one sensor track through the at least one seal partition.

31. A transport apparatus comprising:

a housing;

a drive mounted to the housing; and

at least one transport arm connected to the drive,

where the drive includes

at least one rotor having at least one salient pole of
magnetic permeable material and disposed in an

isolated environment,

at least one stator having at least one salient pole
with corresponding coil units and disposed outside the
isolated environment where the at least one salient
pole of the at least one stator and the at least one
salient pole of the rotor form a closed magnetic flux
circuit between the at least one rotor and the at

least one stator;

at least one seal partition configured to isolate the

isolated environment; and
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at least one sensor including

a magnetic sensor member connected to the

housing,

at least one sensor track connected to the at
least one rotor where the at least one seal
partition is disposed between and separates the
magnetic senscr member and the at least one
sensor track so that the at least one sensor
track is disposed in the isclated environment and
the magnetic sensor member 1is disposed outside

the isolated environment;

a sensor controller communicably connected to the at
least one sensor, the sensor controller being

configured to provide sensor signal commands; and

a motion controller communicably connected to the at
least one sensor and the sensor controller and
configured to receive sensor signals from the at least
one sensor, where the sensor controller is configured
to control a <change 1in at least a predetermined
characteristic of the sensor signals in response to

communications from the motion controller.

32. The transport apparatus of c¢laim 31, wherein at least a
portion of the at least one seal partition is integral to the

magnetic sensor member.
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33. The transport apparatus of claim 31, wherein the at least
one sensor comprises at least one ferromagnetic flux loop having
a sensor air gap where the magnetic sensor member interfaces

with the ferromagnetic flux lcop.

34. The transport apparatus of claim 33, wherein the magnetic
sensor member is configured to detect changes in a reluctance of

the sensor air gap.

35. The transport apparatus of claim 33, wherein the at least
one ferromagnetic flux loop comprises first and second
ferromagnetic flux loops having a sensor bridge member between
the first and second ferrcmagnetic flux loops where the sensor
air gap is located in the sensor bridge member, one of the first
and second ferromagnetic flux loops having a track air gap in
which at least a portion of the at least one sensor track is

disposed.

36. The transport apparatus of claim 33, wherein the at least

one ferromagnetic flux loop emulates a Wheatstone bridge.

37. The transport apparatus of claim 33, wherein each of the at
least one ferromagnetic flux loop includes a track interface
portion disposed in the isolated environment and a sensor member
interface portion disposed outside the isolated environment, the
track interface portion and the sensor member interface portion

being separated by the at least one seal partition.
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38. The transport apparatus of claim 33, wherein the at least
one ferromagnetic flux loop includes flux concentrator elements

disposed in the sensor air gap.

39. The transport apparatus of claim 33, wherein the at least
one ferromagnetic flux loop includes a track air gap in which at

least a portion of the at least one sensor track is disposed.

40. The transport apparatus of claim 31, wherein the at least

one sensor includes a substantially featureless track interface.

41. The transport apparatus of claim 31, wherein the at least
one sensor track includes a first track having a first pitch and
at least a second track having a respective pitch that is
different than at least the first pitch, and the at least one
sensor includes a first sensor corresponding to the first track
and at least a second sensor corresponding to a respective one

of the at least second track.

42. The transport apparatus of claim 31, wherein the magnetic
sensor member comprises a differential sensor having sensor
elements arranged to substantially match a pitch of the at least
one sensor track such that differential sine and cosine output

signals are obtained from the magnetic sensor member.

43. The transport apparatus of claim 42, wherein the sensor

elements form a Wheatstone bridge.

44. The transport apparatus of claim 42, wherein the sensor
elements are disposed on a common printed circuit board of the

magnetic sensor member.
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The transport apparatus of claim 31, wherein the at least

one sensor interfaces substantially directly with the at least

one sensor track through the at least one seal partition.

46.

A transport apparatus comprising:

a housing;

a drive mounted to the housing;

at least one transport arm connected to the drive,

where the drive includes

at least one rotor having at least one salient pole of
magnetic permeable material and disposed in an

isolated environment,

at least one stator having at least one salient pole
with corresponding coil units and disposed outside the
isolated environment where the at least one salient
pole of the at least one stator the at least one
salient pole of the rotor form a closed magnetic flux
circuit between the at least one rotor and the at
least one stator, and at least one seal partition

configured to isolate the isolated environment; and

at least one sensor, the at least one sensor including
a magnetic sensor member connected to the housing, at
least one sensor track connected to the at least one

rotor where +the at least one seal partition 1is
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disposed between and separates the magnetic sensor
member and the at least one sensor track so that the
at least one sensor track is disposed in the isolated
environment and the magnetic sensor member is disposed

outside the isolated environment; and

a sensor controller configured for real-time sensor signal
tuning 1in response to variations in at least one o¢of an
ambient condition of the at least one senscor or state

condition of the at least one sensor.

47. The transport apparatus of claim 46, wherein the ambient
condition of the at least one sensor is a temperature of the at

least one sensor.

48. The transport apparatus of c¢laim 46, wherein the state
condition of the at least one sensor 1is at least one of a
rotation direction of the at least one sensor track or sensor

hysteresis.

49. The transport apparatus of claim 46, wherein at least a
portion of the at least one seal partition is integral to the

magnetic sensor member.

50. The transport apparatus of claim 46, wherein the at least
one sensor comprises at least one ferromagnetic flux loop having
a sensor air gap where the magnetic sensor member interfaces

with the at least one ferromagnetic flux loop.
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51. The transport apparatus of claim 50, wherein the magnetic
member 1is configured to detect changes in a reluctance of the

sensor air gap.

52. The transport apparatus of claim 50, wherein the at least
one ferromagnetic flux loop comprises first and second
ferromagnetic flux loops having a sensor bridge member between
the first and second ferrcmagnetic flux loops where the sensor
air gap is located in the sensor bridge member, one of the first
and second ferromagnetic flux loops having a track air gap in
which at least a portion of the at least one sensor track 1is

disposed.

53. The transport apparatus of claim 50, wherein the at least

one ferromagnetic flux loop emulates a Wheatstone bridge.

54. The transport apparatus of claim 50, wherein each of the at
least one ferromagnetic flux loop includes a track interface
portion disposed in the isolated environment and a sensor member
interface portion disposed outside the isolated environment, the
track interface portion and the sensor member interface portion

being separated by the at least one seal partition.

55. The transport apparatus of claim 50, wherein the at least
one ferromagnetic flux loop includes flux concentrator elements

disposed in the sensor air gap.

56. The transport apparatus of claim 50, wherein the at least
one ferromagnetic flux loop includes a track air gap in which at

least a portion of the at least one sensor track is disposed.
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57. The transport apparatus of claim 46, wherein the at least

one sensor includes a substantially featureless track interface.

58. The transport apparatus of claim 46, wherein the at least
one sensor track includes a first track having a first pitch and
at least a second track having a respective pitch that is
different than at least the first pitch, and the at least one
sensor includes a first sensor corresponding to the first track
and at least a second sensor corresponding to a respective one

of the at least second track.

59. The transport apparatus of claim 46, wherein the magnetic
sensor member comprises a differential sensor having sensor
elements arranged to substantially match a pitch of the at least
one sensor track such that differential sine and cosine output

signals are obtained from the magnetic sensor member.

60. The transport apparatus of c¢laim 59, wherein the sensor

elements form a Wheatstone bridge.

61. The transport apparatus of c¢laim 59, wherein the sensor
elements are disposed on a common printed circuit board of the

magnetic sensor member.

62. The transport apparatus of claim 46, wherein the at least
one sensor interfaces substantially directly with the at least

one sensor track through the at least one seal partition.

63. A transport apparatus comprising:

a frame;
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a drive section connected to the frame having at least one

drive shaft;

a transport arm movably mounted to the drive section and

driven by the at least one drive shaft; and

a position feedback apparatus including

at least one track mounted to a respective one of the
at least one drive shaft, each of the at least one

track having at least one scale disposed thereon; and

at least one read head corresponding to a respective

track, the at least one read head including

at least one sensor mounted to a common support
member, the at least one sensor being configured
to sense a respective scale on the respective

track; and

at least one energizing coil integrally formed

with the support member.

64. The transport apparatus of claim 63, wherein the at least
one energizing coil 1is configured to generate an energizing
pulse through a respective sensor to substantially eliminate

sensor hysteresis.

65. The transport apparatus of claim 64, further comprising a
controller connected to the at 1least one read head, the

controller being configured to sample track data from the at
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least one sensor so that sampling occurs a predetermined time
after the energizing pulse through the respective sensor 1is

generated.

66. The transport apparatus of claim 64, wherein the energizing

pulse saturates the sensor.

67. The transport apparatus of claim 63, wherein the at least
one read head and the respective track are separated from one
another by an isolation wall such that the respective track is
disposed in a first environment and the at least one read head
is disposed in a second environment different than the first

environment.

68. The transport apparatus of c¢laim 67, wherein the first
environment is a wvacuum environment and the second environment

is an atmospheric environment.

69. The transport apparatus of claim 63, wherein the at least

one sensor includes a substantially featureless track interface.

70. The transport apparatus of claim 63, wherein the at least
one scale includes a first scale having a first pitch and at
least a second scale having a respective pitch that is different
from at least the first pitch and the at least one sensor
includes a first sensor corresponding to the first scale and at
least a second sensor corresponding to a respective one of the

at least second scale.
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71. The transport apparatus of c¢laim 70, wherein the first
sensor and the at least second senscor are immovably fixed to the

support member.

72. The transport apparatus of claim 63, wherein the at least

one sensor comprises a giant magneto resistive sensor.
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