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(57) Abstract: The present invention broadly provides im-
provements in a slip-ring adapted to provide electrical contact
between a stator and a rotor. The improved slip-ring includes
a brush assembly having a brush tube mounted on the stator
and having a fiber bundle composed of a number of individu-
al fibers. The upper marginal end portions of the fibers are re-
ceived in the brush tube. The lower marginal end portions of
the fibers extend beyond the brush tube toward the rotor. The
improvements broadly comprise: a central portion of the
fibers having been removed below the brush tube such that
the fibers extending below the brush tube toward the rotor are
in the form ot an annulus; and wherem the tangential compli-
ance of the tiber bundle at its point of contact with the rotor 1s
more than twice the tangential compliance of the fiber bundle
if the central portion had not been removed.
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IMPROVED FIBER-ON-TIP CONTACT DESIGN BRUSH ASSEMBLIES

Technical Field
[0001] The present invention relates generally to electrical contact technology for
transmitting electrical power and/or signal(s) between a rotor and stator, and, more par-
ticularly, to improvements in electrical contact technology that enable a fiber-on-tip
(FOT) brush assembly to have a longer life and less frictional heating at higher rotor

surface speeds and at lower cost than with current FOT technology.

Background Art
[0002] Various arrangements and configurations of prior art slip-rings employing FOT

brush assemblies are representatively shown and described in US 7 105 883 B2, US 7
339 302 B2, US 7 423 359 B2, US 7 495 366 B2 and US 7 545 073 B2.

[0003] Electrical contacts are used to transfer electrical power and/or signai(s) be-
tween a rotor and a stator. These devices are used in many different military and
commercial applications, such as solar array drnive mechanisms, aircraft and missile
guidance platforms, wind energy systems, computed tomography (CT scan) systems,
and the like. In some of these applications, slip-rings are used in conjunction with other
components, such as torque motors, resolvers and encoders. Electrical slip-rings must
be designed to be located either dn the platform axis of rotation, or be designed with an
open bore which locates the electrical contacts off-axis. Hence, the designations "on-
axis" and "off-axis" slip-rings, respectively.

[0004] The diameters of slip-rings may range from a fraction of an inch to muitiple
feet. and the relative angular speed (w) between the rotor and stator may vary from one
revolution per day' to as much as 20,000 revolutions per minute (rpm). In all of these
various applications, the electrical contacts between the rotor and stator should: (1) be
able to transfer power and/or signal(s) without interruption at high relative surface
speeds, (2) have long wear life, (3) have low electrical noise, and (4) be of a physical
size that allows multiple circuits to be packaged in a minimum volume.

[0005] Proper management of the electrical and mechanical contact physics between

the brush assembly and the rotor allows demanding requirements to be met. For ex-
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ample, if the application is an off-axis slip-ring that allows an x-ray tube in a CT scan
gantry to rotate about the patient's body, the electrical contacts must be designed to
carry about 100-200 amps (with possible surges of hundreds of amps), to operate at
surface speeds on the order of 15 meters per second (m/sec), to last for 100 million
revolutions, and to occupy a minimal volume within the gantry. In order to meet the 100
million revolution requirement for a device that is about six feet [1.8288 meters ("m")] in
diameter, the brush force (i.e., the force with which the brush tips are urged against the
rotor) must be low to minimize frictional heating and yet maintain a large number of
contact points between the brush and rotor ring to achieve the required current density.

[0006] There has been a renewed interest in the use of fibrous metal brushes In re-
cent years. Metal fiber brushes have the capability of providing higher current densi-
ties, of having lower electrical noise, and of having longer life while operating at higher
surface speeds. Each of these parameters is related to more points of contact between
brush and rotor ring than with composite brushes, less force per fiber, and less frictional
heating. The area of contact between the fiber tips and a rotor ring is known as the "in-
terfacial" area of contact. It is known that the actual area of contact between the face of
a composite brush and a rotor is much less than its geometric area. Hence, the reason
for sub-dividing brushes into elements which, in some cases, aré individual small-
diameter fibers.

[0007] The tribological properties of electrical contacts and the right choice of lubricant
to meet the requirements of the application are extremely important. For example, If
the contacts are to be used in a space application, the lubricant must not only meet all
of the requirements of a ground-based application, but must also have a low vapor
pressure as well. If the contacts have a long-life requirement, then dust, wear debris
and other contaminants may accumulate in the contact zone and create problems with
life and signal transfer.

[0008] Accordingly, it would be highly desirable to provide improved electrical contacts
for transmitting electrical power and/or signal(s) between a rotor and a stator.

[0009] It would also be highly desirable to provide improved fiber brush assemblies for
use in such slip-rings.

[0010] It would also be highly desirable to provide improved slip-rings that employ
FOT technology, and that allow a brush assembly to have a longer life at higher rotor

surface speeds and at lower cost than with current FOT technology.
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Disclosure of the Invention
[0011] With parenthetical reference to the corresponding parts, portions or surfaces of
the disclosed embodiments, merely for purposes of illustration and not by way of limita-
tion, the present invention broadly provides improvements in electrical contacts adapted
to provide electrical contact between a stator and a rotor.
[0012] The improved slip-ring includes a brush assembly having a brush tube mount-
ed on the stator and having a fiber bundle composed of a number of individual fibers.
The first or upper marginal end portions of the fibers are received In the brush tube.
The second or lower marginal end portions of the fibers extend beyond the brush tube
toward the rotor.
[0013] The improvement broadly comprises: a central portion of the fibers having
been removed below the brush tube such that the fibers extending below the brush
tube toward the rotor are in the form of an annulus when seen in a plane transverse to
the longitudinal centerline of the bundle; and wherein the tangential compliance of the
fiber bundle at its point of contact with the rotor is more than twice the tangential com-
pliance of the fiber bundle if the central portion had not been removed.
[0014] A portion of the brush tube may be crimped or swaged to hold the first or upper
marginal end portions of the fibers therein.
[0015] The tangential compliance of the fiber bundie at its point of contact with the ro-
tor may be more than 2-1/2 times the tangential compliance of the fiber bundle if the

central portion had not been removed.
[0016] The central portion may contain about half of the number of fibers in the bun-

dle.

[0017] Thus, for example, the fiber bundle may have about 2000 individual fibers, and
the central portion may account for the space occupied by about 1000 fibers.

[0018] The annulus may have a substantially-constant radial thickness when seen in a
plane transverse to the longitudinal centerline of the bundle.

[0019] Each fiber may have a diameter in the range of 0.002-0.005 inches [0.0508-
0.1270 millimeters ("mm")]. In one form, the fibers have a nominal diameter of about
0.003 inches [0.0762 mm].

[0020] The length of each fiber extending beyond the tube and toward the rotor may
be in the range of 0.3-0.7 inches [7.62-17.78 mm]. In one embodiment, this length is

about 0.40 inches [10.16 mm)].
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[0021] The transverse cross-sectional area of the central portion may be more than 2/3
of the transverse cross-sectional area of the fiber bundie.

[0022] The tangential compliance of the fiber bundle may be about 0.006350 inches/gram
[0.16129 mm/g] at its point of contact with the rotor, whereas the tangential compliance
of a fiber bundle from which the central portion had not been removed may be about
0.00139 inches/gram [0.035306 mm/g] at its point of contact with the rotor.

[0023] The tangential compliance of the fiber bundle at its point of contact with the rotor
may be more than 4.5 times the tangential compliance of the fiber bundle at its point of
contact with the rotor If the central portion had not been removed.

[0024] The improvement may further include a reservoir above the brush tube, the
reservoir being in fluid communication with the fiber bundle, and a lubricant in the

reservolr.

[0025] The reservoir may be in fluid communication with the fiber bundle through the
spaces between the fibers, and the flow of lubricant through the spaces is a function of
the sizes of the spaces. The flow of lubricant through the spaces will reach the interfacial

area of contact and will reduce the coefficient of friction, and thus reduce the inter-facial

temperature.

10026] The improvement may further inciude resilient means for urging the fiber bundle
to move toward the rotor. The resilient means may include a negator spring and/or a

cantilever spring.

[0027] The fiber bundle may be urged to move toward the rotor with substantially-

constant force.

[0027a] Some embodiments disclosed herein provide a slip-ring adapted to provide
electrical contact between a stator and a rotor, said slip-ring including a brush assembly
mounted on said stator, said brush assembly having a brush tube and having a fiber
bundle composed of a number of individual fibers, one marginal end portion of said fiber
bundle being received in said brush tube, the other marginal end portion of said fiber
bundle extending beyond said brush tube toward said rotor, wherein a central portion of

said fiber bundie has been removed below sald brush tube such that the fibers extending
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below said brush tube toward said rotor are in the form of an annulus; wherein the fibers
in said annulus contact said rotor; and wherein the tangential compliance of the fibers in
said annulus at their points of contact with said rotor are more than twice the tangential

compliance of said fiber bundle if said central portion had not been removed.

[0028] Accordingly, the general object of the invention is to provide improved slip-rings
for transmitting electrical power and/or signal(s) between a rotor and a stator.

[0029] Another object is to provide improved brush assemblies for use in improved

slip-rings.

[0030] Stiill another object is to provide improved slip-rings that employ FOT technology,
and that allow a brush assembly to have a longer life at higher rotor surface speeds and
at lower cost that with current FOT technology.

[0031] These and other object and advantages will become apparent from the foregoing

and ongoing specification, the drawings, and the appended claims.
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Brief Description of the Drawings
[0032] Fig. 1A is a schematic illustration of a junction or contact between two solid

bodies, this being reproduced from the text quoted in the specification.
[0033] Fig. 1B is a schematic illustration that the system analyzed at high sliding

speeds considers a small body always in contact with a large body, with points in the body only

making contact periodically, this being reproduced from the text quoted in the specification.
[0034] Fig. 1C is a scanning electron micrograph (SEM) of a wear track on a prior art
slip-ring.

[0035] Fig. 1D is an SEM showing an enlarged view of a portion of the slip-ring wear
track shown in Fig. 1C.

[0036] Fig. 1E Is an energy dispersive X-ray analysis (EDAX) of the indicated spot
shown in Fig. 1D, showing that silver (Ag) and copper (Cu) had been transferred from
the brushes to the rotor.

[0037] Fig. 1F is a photograph of two brush blocks (i.e., one leading and one trailing)
of three fully-packed prior art brushes that produced the wear track shown in Fig. 1C.
[0038] Fig. 1G is an SEM of an Ag/Cu brush.

[0039] Fig. 1H is an EDAX analysis of the indicated spot of the Ag/Cu brush shown In
Fig. 1G, which has been included for reference. |

[0040] Fig. 2A is an SEM showing the wear track of Ring 1 on a large-diameter rotor.
[0041] Fig. 2B is an EDAX analysis of the portion of the wear track indicated by the

" arrow in Fig. 2A, showing that silver and copper have been transferred from the brush

to the rotor ring.
[0042] Fig. 2C is a photograph of a leading brush that produced the wear track shown

in Fig. 2A, taken at a near-normal angle, showing the wear pattern thereon.
[0043] Fig. 2D is another photograph of the leading brush shown in Fig. 2C, aibeit

taken at an oblique angle. .
t0044] Fig. 2E is a photograph of a trailing brush that produced the wear track shown

in Fig. 2A, taken at a near-normal angle.
[0045] Fig. 2F is another photograph of the trailing brush shown in Fig. 2E, but taken

at an oblique angle.
[0046] Fig. 3A is an SEM showing the wear patiern on Ring 2 of a large-diameter ro-

for.
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[0047]1 Figs. 3B-3E are EDAX analyses of the ring composition at the indicated arrows
shown in Fig. 3A, showing that silver and copper have been transferred from the brush
to the ring.

[0048] Fig. 3F is a photograph, taken at a near-normal angle, showing the wear pat-
tern on a leading brush that produced the wear track shown in Fig. 3A.

[0049] Fig. 3G is a photograph, taken at an oblique angle, of the leading brush shown
in Fig. 3F.

[0050] Fig. 3H is a photograph, taken at a near-normal angle, showing the wear pat-
tern on a trailing brush that produced the wear track shown in Fig. 3A.

[0051] Fig. 3l is a photograph, taken at an oblique angle, of the trailing brush shown In
Fig. 3H.

[0052] Fig. 4 is a photograph of an end of an improved FOT brush assembly having
an annular cross-section defined between two imaginary concentric circles such that
the wall thickness is substantially constant in all radial directions.

[0053] Fig. 5 is a photograph of a fixture for testing the compliance of a brush assem-
bly, this view showing a normal force (i.e., a force substantially perpendicular to the
longitudinal axis of the brush assembly) being exerted proximate the distal end of an
improved brush assembly.

[0054] Fig. 6 is a plot of displacement (ordinate) vs. force (abscissa), and shows the
compliance of an improved hollow brush assembly and the compliance of a prior art ful-
ly-packed (i.e., not hollowed) brush assembly.

[0055] Fig. 7 is a schematic view of an improved brush assembly having a fluid lubrni-
cant reservoir operatively arranged to supply lubricant to the interstitial space between
the fibers of an improved brush assembly.

[0056] Fig. 8A is a schematic transverse end view of an improved fiber bundle having

small-diameter fibers. and shows the number and size of the interstitial spaces between

the fibers.

[0057] Fig. 8B is a schematic transverse sectional view of an improved fiber bundle
having large-diameter fibers, and shows the number and size of the interstitial spaces
between the fibers.

[0058] Fig. 9A is a plot of temperature (ordinate) vs. speed and current (abscissa) for

an improved brush assembly loaded with 50 grams of force via a cantilevered spring,
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and also showing the temperature vs. speed characteristics of a loaded and an
unloaded improved FOT brush assembly.

[0059] Fig. 9B is a plot of temperature (ordinate) vs. speed (abscissa) for a prior art
brush assembly loaded with 50 grams of force via a cantilevered spring at three differ-
ent current levels.

[0060] Fig. 9C is a plot of temperature (ordinate) vs. speed (abscissa) for an improved
brush assembly and a prior art brush assembly loaded with 50 grams of force via a can-
tilevered spring vs. speed, and also showing thermocouple location.

[0061] Fig. 9D is a schematic view showing the vibration of a cantilever spring, this
being taken from the quoted text in the specification.

[0062] Fig. 10 is a schematic longitudinal sectional view showing a stainless steel ne-
gator spring arranged to urge a composite brush toward a rotor surface with substan-
tially-constant force.

[0063] Fig. 11A is a schematic longitudinal sectional view of a high current density de-
sign of an improved brush assembly having a negator spring arranged to urge a plural-
ity of lubricated FOT brush assemblies to move toward a rotor.

[0064] Fig. 11B is a schematic longitudinal sectional view of an alternate design to
that shown in Fig. 11A, this design also having a negator spring arranged to urge an
improved FOT brush assembly to move toward a rotor. |

[0065] Fig. 11C is a schematic view of an alternative design having a hybrid cantile-
vered/negator spring arranged to urge a lubricated FOT brush assembly to move to-
ward a rotor.

[0066] Fig. 11D is a schematic view of still another design having a negator spring ar-
ranged to urge a lubricated improved FOT brush assembly to move toward a rotor.
[0067] Fig. 12 is a photograph showing a plurality of prior art FOT brush assemblies

mounted on a printed circuit board.
[0068] Fig. 13 is a schematic view showing a negator spring as being operatively ar-

the same design.
[0070] Fig. 15A is a photograph taken at a near-normal angle showing the wear pat-

tern on a lubricated improved FOT brush after testing with a cantilevered spring.
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[0071] Fig. 15B is a composite photograph of the brush shown in Fig. 15A, showing
the high and low points of the wear pattern thereon.

[0072] Fig. 16A is a photograph taken at an oblique angle showing the wear pattern ot
a lubricated improved FOT brush after testing with a negator spring.

[0073] Fig. 16B is a composite photograph of the brush shown in Fig. 16A, showing

the high and low points of the wear pattern thereon.

Description of the Preferred Embodiments
[0074] At the outset, it should be clearly understood that like reference numerals are

intended to identify the same structural elements, portions or surfaces consistently
throughout the séveral drawing figures, as such elements, portions or surfaces may be
further described or explained by the entire written specification, of which this detailed
description is an integral part. Unless otherwise indicated, the drawings are intended to
be read (e.g., cross-hatching, arrangement of parts, proportion, degree, etc.) together
with the specification, and are to be considered a portion of the entire written descrip-
tion of this invention. As used in the following description, the terms "horizontal”, "verti-
cal". "left". "right", "up" and "down", as well as adjectival and adverbial derivatives
thereof (e.g., "horizontally", "rightwardly”, "upwardly", etc.), simply refer to the orienta-
tion of the illustrated structure as the particular drawing figure faces the reader. Simi-
larly, the terms "inwardly" and "outwardly” generally refer to the orientation of a surface
relative to its axis of elongation, or axis of rotation, as appropriate.

[0075] FOT brush designs have been developed to meet the requirements of longer
life, higher surface speeds, and higher current. However, recent studies have shown
that improvements can be made to existing FOT‘brush designs that will yield better per-
formance under extreme conditions.

[0076] For example, consider two electrical contact systems operating at the same
nominal surface speed, but having rotor diameters that differ by a factor of five. The
system with the smaller-diameter rotor must have a rotational speed that is five times
greater than that of the larger-diameter system in order to have the same surface speed
(i.e., V= wr, where V is the surface speed, w is the angular speed of the rotor relative to
the stator, and r is the radius of the rotor).

[0077] It is known that the smaller-diameter system can exhibit a phenomena known

as the "rpm effect" when the contacts are being lubricated by the adsorption of adventi-
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tious films. [See, e.g., Pitney, Kenneth E.; Ney Contact Manual: Electrical Contacts for
Low Energy Uses; Bloomfield: The J.M. Ney Company (1973) at p. 23.] Adventitious
films (e.g., humidity) and airborne contaminants (e.g., hydrocarbons) are very thin films
of material that are capable of reducing the coefficient of friction between contact mem-
bers under light load. The "rpm effect” dictates the time available for surface changes
before the next surface encounter takes place. (/d.) When a boundary lubricant is in-
volved, the system having the larger-diameter rotor will require a larger quantity of lu-
bricant because of the increased surface area for an equivalent number of rotor inches
of travel.
[0078] According to one analyst [Rabinowicz, Ernest; "The Temperature Rise at Slid-
ing Electrical Contacts"; Advances in Electrical Current Collection; Ed. |.R. McNab. New
York: Elsevier/North-Holland Inc.; (1982), at pp. 30 and 31], and as shown in Figs. 1A
and 1B which are reproduced from this paper, it has been shown that:
"Taking first the situation where slow speed sliding oc-

curs and heating is caused by friction, it turns out that if

there is a circular region of contact between the sliding sur-

faces, the average temperature rise 6 is given by the rela-

tionship:

fLv
4Jr (k1 + K2)

7

where J is the mechanical equivalent of heat (a conversion
factor from thermal to mechanical units of heat), r is the ra-
dius of the junction, fis the friction coefficient, L is the nor-
mal load at the junction, ky is the thermal conductivity of
body 1, k2 is the thermal conductivity of body 2 and v is the
velocity.

This relationship assumes that heat originates at the in-
terface and is then conducted into the two adjacent bodies.
The reason why the temperature rise is proportional to the
velocity is because the rate of heat generation per unit of
time is itself proportional to the velocity.

When the sliding becomes large this relationship is no

longer applicable. Let us consider the simplest case when
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body 1 is a small specimen while body 2 has an extended
surface. In that case the small specimen will be continually
in contact and will slide always over fresh areas of the large

specimen. For that case the temperature rise is given by:
6 = fLV”
3.6J (poCorky)*

where f, L, v, r, J and K> have the same definitions as above
and poc; is the volume specific heat of the extended surface.

This relationship differs from the previous one in two
ways. First, it is unsymmetrical as regards the top and bot-
tom surfaces because the top surface, being small and con-
tinually in contact, soon becomes hot, while the bottom sur-
face, being always fresh, is much cooler, so essentially all
the heat travels into it and thus only its thermal properties
are significant.

Secondly, it will be noted that velocity to the power
one-half comes into equation. This comes about because as
we raise the speed we increase the rate of heating, but we
also increase the amount of cool bottom material into which
this heat can be dissipated. Thus, it is logical to expect that
the temperature rise increases with v but less rapidly than to
the first power.”

[0079] It is important to reduce the coefficient of friction between sliding electrical con-
tacts to minimize interfacial heating. This foregoing analyst noted that if the tempera-

ture at the interface becomes too great, the materials may soften or even melt, or else

excessive oxidation may occur. (/d. atp. 29)

Prior Art FOT Brush Design and Analysis with
Small-Diameter (i.e., 9-inch) Rotor (Figs. 1C-1H)

[0080] Preliminary wear studies were performed with multiple fiber-on-tip (FOT) prior
art brushes in a common holder using a negator spring (i.e., a spring that exerts sub-
stantially constant force over a given range of displacement) to provide a substantially-
constant normal force on a 9-inch [0.23 m] diameter ring. The contacts were not lubri-

cated. The normal force was 135 grams, and the rotor was rotated at an angular speed
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of about 14.4 m/sec relative to the stator. The circular brush wore In the center, and, at
the same time, some of the brush material was transferred to and adhered to the ring.
This was determined from brush wear patterns and ring wear track appearance. Scan-
ning Electron Microscope/Energy Dispersive X-ray Analysis (SEM/EDAX) confirmed
that brush material had transferred to the ring.

[0081] Fig. 1C is an SEM of a wear track from a prior art brush on a [0.23 m] ring. Fig.
1D is an SEM showing an enlarged view of a portion of the ring shown in Fig. 1C. Fig.
1E is an EDAX analysis of the indicated spot shown in Fig. 1D, showing that silver and
copper had been transferred from the brushes to the rotor. Fig. 1F is a photograph of
two brush blocks (leading and trailing) of three fully-packed prior art brushes that pro-
duced the wear track shown in Fig. 1C. Fig. 1G is an SEM of an Ag/Cu fiber which has
been provided as an EDAX reference for Ag/Cu brush material. Fig. 1H is an EDAX
spectra for Ag/Cu brush material.

[0082] This prior art FOT configuration was developed as a replacement for a conven-
tional metal-graphite composite brush. Three prior art FOT assemblies were positioned
in a metal base of the same shape as the composite brush. The purpose of the multi-
ple prior art FOT brushes was to provide a high current density capability at 1200 rpm.
The brush wear that occurred during this test was a classic example of the statement

referenced by Rabinowitz that if the interfacial temperature Is too great, the materials

may melt or soften, or oxidation may occur. (/d.)

Prior Art FOT and Brush Design Studies with Large-
Diameter (i.e., 55-inch) Rotor (Figs. 2A-2] and Figs. 3A-3I

[0083] Additional wear studies were performed on a large-diameter ring having a di-
ameter of approximately 55 inches [1.397 m] at a surface speed of about 14.5 m/sec.
Cantilever springs were used to maintain a normal force of the brush against the rotor
of about 50 grams. Lubricant was applied to brushes and rings. These studies also
showed that the interfacial temperature was high enough for the brush material to sof-
ten and transfer to the ring over long periods of time.

[0084] The ring wear track appearance and brush wear patterns for the above ring
(i.e., Ring 1) are shown in Figs. 2A-2F. Fig. 2A is an SEM showing the wear track of

Ring 1 on the rotor. Fig. 2B is an EDAX analysis of the portion of the wear track indi-
cated by the arrow in Fig. 2A, showing that silver and copper have been transferred

from the brush to the ring. Fig. 2C is a photograph of a leading brush, taken at a near-
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normal angle (/.e., looking in a direction substantially aligned with the longitudinal axis
of the brush and bundle), showing the wear pattern thereon. Fig. 2D is another photo-
graph of the leading brush shown in Fig. 2C, albeit taken at an oblique angle. Fig. 2E is
a photograph of a trailing brush, taken at a near-normal angle. Fig. 2F is another pho-
tograph of the trailing brush shown in Fig. 2E, but taken at an oblique angle.

[0085] The brush wear patterns and ring wear track appearance for another ring (i.e.,
Ring 2) are shown in Figs. 3A-3l. Fig. 3A is an SEM showing the wear pattern on Ring
2 of the rotor. Figs. 3B-3E are EDAX analyses of the ring composition at the indicated
arrows shown in Fig. 3A, showing that silver and copper have been transferred from the
brush to the ring. Fig. 3F is a photograph, taken at a near-normal angle, showing the
wear pattern on the leading brush. Fig. 3G is a photograph, taken at an oblique angle,
of the leading brush shown in Fig. 3F. Fig. 3H is a photograph, taken at a near-normal
angle, showing the wear pattern on a trailing brush. Fig. 3l is a photograph, taken at an

oblique angle, of the trailing brush shown in Fig. 3H.

Improved FOT Brush with Center Removed (Figs. 4-5

[0086] The solution to the problem of material being transferred from the brush to the
rotor by interfacial heating is one area of focus of the present application. At the same
time that a solution to the adhesive wear problem has been found, an improved contact
design has been developed that will reduce costs because non-noble materials can be
used. Also, more compact brush and spring configurations have been developed that
will require 4-5 times less space to package than with previous designs. Moreover, a
wear life in excess of 5 billion inches [0.127 billion m] of ring travel has been demon-
strated with only 0.025 inches [0.635 mm] of wear for a cantilever spring and 0.010
inches [0.254 mm)] of wear for a negator spring. Neither case was to end-of-life. The
negator spring could go another 5-10 billion inches of ring travel because brush force IS
not diminished as is the case with the cantilever.

[0087] In a circular FOT brush configuration, the highest interfacial temperature would
be expected to be at the center of the brush. For that reason, the prior art FOT brush
design was modified so that about fifty percent of the fibers were removed from the
center. This resulted in an improved brush assembly having an annular transverse
cross-section, when viewed in an axial direction form the end of the brush. See Fig. 4.

In this form, the annulus was defined between two concentric imaginary circles. How-
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ever, while preferred, this arrangement is not invariable. Other annular shapes and
configurations might be employed. The improved brush assembly had the effect of reducing
the frictional heating, and, at the same time, increasing the tangential compliance (i.e., the
reciprocal of spring rate, or C = x/F, where C is the tangential compliance, x is the
displacement, and F is the force that produced that displacement). When signal integrity is
important, particularly at high surface speeds, high tangential brush compliance is essential
to maintain electrical contact in locations where there is axial (pancake-type slip-ring) or
radial (drum-type slip-ring) run out in the ring.

[0088] Fig. 5 illustrates the tangential compliance of this brush design and the equipment
used to measure brush tangential compliance. Notice that the brush tube was placed in a
fixture, and that a force F was applied toward the distal end of the brush to produce a
displacement normal to the brush axis. Fig. 7 depicts a lubricant reservoir 7°, an area of crimp
/" and a slip ring surface to be lubricated 7'".

[0089] A comparison of the tangential compliances of FOT brushes with and without the
fibers in the center of the brush removed is shown in Fig. 6. Note that the tangential
compliance of the improved FOT brush assembly is substantially greater than that of the prior
art FOT brush assembly from which the central fibers had not been removed. The tangential
compliance can be increased by reducing the fiber diameter, by increasing the free length of
the fibers (i.e., the length of the fibers from the end of the tube to the tips of the fibers), and/or
by increasing the diameter of the opening in the center of the brush assembly.

[0090] It has been shown in multiple tests that the interfacial contact area can reach a
temperature such that the brush material is softening or melting and adhering to the ring. The
ability to continuously apply a lubricant to the contact interface is crucial to reduce the

coefficient of friction. Lubricant chemistry and formulation is a major factor to achieve long
term electrical contact life. A variety of electrical contact lubricants have been tested. These
include diesters, fluorocarbons, halocarbons, hydrocarbons, and polyphenyl ethers.

[0091] A chamber for lubricant was integrated into the brush tube which provides a continuous
flow of lubricant into the interfacial area of contact (see Fig. 7). Note when one side of the brush
Is being deflected, the opening is not closed. A high compliance brush #1 is deflected 0.040

by 6.3 grams. The flow of lubricant from the reservoir to the contact interface can be controlled
by fiber diameter which determines the cross-sectional interstitial space between fibers, and,

thus, the cross-sectional area for the lubricant to flow to the contact interface. Depending on the
application, the diameter of the fiber can vary from 0.002-0.005 inches [0.0508-0.1270
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mm]. See Figs. 8A-8B. Fig. 8A shows the distal end of an improved FOT brush having
a large number of small-diameter fibers. Fig. 8B shows the distal end of an improved
FOT brush having a smaller number of large-diameter fibers. Figs. 8A and 8B illustrate
the interstitial space between the fibers increases with fiber diameter, but that the num-
ber of such interstitial spaces varies inversely with the fiber diameter.

[0092] A continuous flow of lubricant into the interfacial area of contact will also mini-
mize oxidation in the interfacial area of contact and, thus, non-noble materal can more
readily be used. Alloys of silver and gold have been used as brush materials and silver
or gold electrodeposited on copper or brass rings have been used extensively in past
years. When an electrodeposit i§ used on the ring, the choice of fiber brush material
must be compatible with the electrodeposited material otherwise premature wear may
occur with both the brush and the electrodeposited material. It should be noted that
when the electrodeposited material is worn such that the underlying ring is exposed, the
ring and brushes will wear at a higher rate and end-of-life is near for both. if an electro-
deposited material is not used on the ring, then the fiber material, the lubricant and the
brush force must be such that good contact can be made during the life of the brush
assembly. The lubricant can be selected and formulated on the basis of reducing the
coefficient of friction as well as minimizing the degree of oxidation on the non-noble
contact surface. Silver alloys, gold alloys, copper alloys (e.g., brass, beryllium copper,
bronze, etc.) can be used for, fiber brushes, and ring materials can be fabricated from
copper and copper alloys without a noble electrodeposit. These options provide a basis
for significant cost reductions.

[0093] It has been shown that removing about fifty percent of the fibers from the cen-
ter of a conventional FOT brush reduces frictional heating significantly and the adhesive
wear referenced in Figs. 1C-3| has been eliminated. Measurements on 9-inch [22.86
cm] diameter rotor running at a surface speed of 14.4 m/sec have shown that the cur-
rent density capability of the improved FOT brush was significantly improved. This
study was performed with a rotor that exhibits the "rpm effect” when run at 14.4 m/sec.
When comparing frictional heating and electrical heating tests from one test platform to
another. it is necessary to introduce another term to the previous equation (/d. at 31-
32):

0 = i S
4) r(k1 + kz)
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where i is the current carried by the junction and R is the electric resistance.

[0094] Thus, when operating at high speed, the combined effect on temperature rise
IS given by the equation:

0= flLv+i‘R = 1 EL\/“2 + i’R
3.6J (r3k2p202V)”2 3.6J (rskzp;;_cz)”2 i

[0095] When comparing brush temperature rise measurements from one test platform
to another, it is necessary to take into consideration several ring parameters. Table 1
compares relevant parameters for the rotor used in the preliminary wear studies to test
the improved brush with the corresponding parameters for a larger diameter rotor used

to test the prior art brush.

Table 1.
A Comparison of Rotor Properties Used for

Testing Improved FOT and Prior ArtBrushes ===
Rotor Propertles -

Energy
Volume | to Raise
Specific Rotor
Diameter | Volume | Density Heat 1°C
Material m) m?3 kg/m3) Kcal/kg°C cal/°C

improved FOT | grags 8520 | 0.037 | 0.090 -
Brush
Prior Art FOT

[0096] In both cases the mass of the brush is small in comparison to the mass of the
rotor and thus the brush when in continuous contact with the rotor will be hotter ana, for
that reason, heat will flow from the brush to the rotor. Thus, the thermal properties of

the rotor are very important. Table 1 shows that the rotor used to test the improved

FOT brush requires 3.3 calories to increase the rotor temperature 1 deg C, whereas the
rotor used to test the prior art brush requires 101 calories to increase the rotor tempera-
ture 1 deg C. Figs. 9A and 9B compare temperature rise for the improved FOT brush
design vs. the prior art design at speeds up to 14 m/sec vs. increasing current. Fig. 9C
compares the frictional heating for improved FOT design and prior art design brushes

vs. surface speed. Table 2 is a comparison of frictional and electrical test results taken
from Figs. 9A, 9B, and 9C.
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[0097] (Data for Table 2 is taken from Figs. 9A, 9B, and 9C.)

Table 2.
Frictional and Electrical Test Results

Frictional Heating

Improved FOT Brush Prior Art FOT Brush

Current (amps 0 0

Surface Speed (m/s g 8

AT (°C . 329-30.8=21 28.3-224=5.9
Frictional Heating (cal.) | 2.1°C x 3.3 cal/°’C =6.93 5.9°C x 101 cal/°C = 596

Small Rotor ~ Large Rotor
0 0

o —

Current (amps) -

Surface Speed (m/s 14 B 14 B
AT (°C) 0 342-308=34 31.5-22.4=9.1
Frictional Heating (cal. 3.4°C x3.3call’C=11.22 | 9.1°C x 101 cal/’C = 919
Electrical Heating

- | Improved FOT Brush _ Prior Art FOT Brush
- _ Small Rotor Large Rotor
Current (amps L 10 10
Surface Speed (m/s 8 8
AT (°C ~354-329=25 30.1-283=1.8
Electrical Heating (cal. 25°Cx3.3cal’lC=825 | 1.8°C x 101 call°’C =181.8

- Small Rotor Large Rotor
Current(amps) 20 20
Surface Speed (m/s i 14 14 -
AT (°C 44.3 -34.2 = 10.1 3356-315=2

Electrical Heating (cal. 10.1°C x 3.3 call°’'C = 33.33 | 2°C x 101 cal/°C =202

[0098] The improved FOT brush is generating significantly less frictional and electrical
heat than the prior art brush based on these results, and, thus, the removal of 1000 fi-
bers from the center of the brush has not diminished the performance of the brush, but
has, in fact, greatly improved its performance. These results are in agreement with the
prior art brush tests that indicated the interfacial temperature was high enough for the
brush material to soften and transfer to the ring. (See paragraph [0083], supra.)

[0099] It is known that cantilever springs can be difficult to work with because of me-
chanical instabilities. [See, e.g., Shobert, Erle; Carbon Brushes: The Physics and
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Chemistry of Sliding Contacts, Chapter 4, Fig. 4.7, "Mechanical Considerations in
Brushes and Collectors™; (1965); at p. 87.] '

"Chatter can take place on cantilever-spring brushes if the

spring can vibrate in a way that relieves the spring force as

the brush moves in one direction, and increases it in the

other. * * * This chatter can be minimized by (1) keeping

the brush as short as possible; (2) so designing the spring

that it is practically straight when under load; and (3) taper-

ing the spring, as shown in Figure 4:7b. Tapering decreases

the possibility that a natural period is available for resonant

vibration.”
The referenced figures in the above text are reproduced herein as Fig. 9D.
[00100] In addition, a cantilever spring has the problem that the brush force (F) de-
creases with brush wear (x), and ultimately the life of the brush is limited by the mini-
nﬁum normal force that is required to meet all electrical requirements. If there is not ad-
equate brush force, signal brushes will not operate at acceptable electrical noise levels
and power brushes may undergo electrical arcing. This is a major factor for a brush
that is capable of billions of inches of ring travel. The negator spring maintains a sub-
stantially-constant force over a given displacement range throughout. the life of the
brush and. therefore, the life of the brush is not limited by a decreasing force with brush

wear. Also, the negator spring provides an inherent dampening mechanism and, there-

fore, brush spring "chatter" is eliminated.

FOT Brush with Negator Spring Designs

[00101] Normally, a negator spring is fabricated from a material, such as stainless steel which
is not a good electrical conductor. For that reason, the electrical connection for a composite
brush is made with a braided lead 10’ and a shunt 10”. See Fig. 10. When a stainless steel
negator spring 10" is used with a composite brush 10", the primary purpose of the negator
spring is to provide a constant force over a broad range of brush displacement. If the composite
brush wears as much as 0.20-0.30 inches [5.08-7.62 mm) (wear plus mechanical runout),
the normal force will remain constant. Multiple negator spring designs with FOT brushes
are illustrated in Figs. 11A-11 D. FIG. 11A is a design that shows muitiple FOT brushes 11A’
inacommon metal holder 11A’ which can provide a means to make the electrical
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connection as well as being a lubricant reservoir 11A’™. Each of these brushes is the same
design as shown in Fig. 7. Fig. 11A also shows a negator spring 11A”” and a braided lead
T1A™". Multiple FOT brushes are provided for high current density requirements. Fig. 11B
llustrates an alternate means of making the electrical connection 11B’ and a lubricant
reservoir 11B". Fig. 11B also shows a FOT brush 11B’”’ and a negator spring 11B"”.

Fig. 11C is a hybrid design that has a cantilever spring and a negator spring 11C’, is
electrically conductive with an electrical connection 11C"” and contains a lubricant reservoir
11C™. Fig. 11D is still another design for a device having a negator spring 11D’ and a
lubricant reservoir 11D"” and an electrical connection 11D"”.

FOT Brush Circuit Board Designs
[00102] Fig. 12 is a photograph of printed circuit board with multiple prior art FOT brushes

mounted with cantilever springs. The width and length of the board shown is approximately
3.75 x 13 inches [9.525 x 33.02 cm].

[00103] The printed circuit board for the negator spring design shown in Fig. 13 can be as
much as 4-5 times smaller than is the case with a cantilever spring. This can be a major

factor when space for packaging is limited.

Improved FOT Life Tests
[00104] Long time life tests were performed with high tangential compliance FOT brushes to

verify the performance of this brush design. Tests were performed with cantilever and

negator springs. Fig 14 and Table 3 are compilations of the data.

Table 3
Small Diameter Rotor Wear Study
Cantilever Spring Negator Spring

Total Inches of 9 9
 Travel 422 x 10 55x10

Total Wear ,

(Inches) 0.025 0.010

Dimensionless

Wear Rate 5.92 x 107" 1.82 x 107"

(Inches/Inch)

[00105] Figs. 15A-15B and 16A-16B show the condition of the high compliance brush
after 4.22 x 10° and 5.5 x 10° inches [10.7188 x 10° and 13.97 x 10° cm] of ring travel for a
cantilever spring and a negator spring, respectively. Note that after total amount of ring travel

the brushes remain in extremely good shape; i.e., minimal total amount of
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wear and no indication of brush material being removed by an adhesive wear mecha-
nism. Fig. 15B and 16B are side elevations of the brushes shown in Figs. 15A and
16A, respectively. It should be noted that, based on the condition of the brushes tested
with negator springs, these tests could be extended another 5-10 billion inches [12.7-
25.4 billion cm]. The primary reasons this would be possible are because of the ability
to continuously provide lubrication to the interfacial contact area and the ability of the
negator spring to provide dampening of the brush as well as a constant force through-
out life.

[00106] Improved FOT brush design parameters can be combined to satisfy a broad
range of brush and slip-ring requirements for various military and commercial applica-
tions, such as solar array drive mechanisms, aircraft and missile guidance platforms,
wind energy systems, computed tomography (CT scan) systems, and the like. The de-
sign parameters, and the effects(s) thereof, of the improved FOT brush design(s) are

summarized in Table 4;

Table 4

Improved FOT Brush Effect of Parameter on Slip-
Design Parameter Ring Design and Performance

Contact interfacial temperature is re-
duced, and, thus, brush life is greatly

Removal of Center of Brush improved

Allows brush compliance to be varied

Brush Free Length Adjustment Allows brush compliance to be varied

Allows brush compliance to be varied

Variation of Brush Fiber Diameter Allows flow rate of lubricant to contact

interfacial area to be varied
Allows lubricant to be provided.
Lubrication Reservoir throughout brush life, and, thus, In-
creases brush life -
A variety of lubricants and additives
are available to meet the conditions of
long brush life under extreme condi-
tions of surface speed and temperature
Allows a constant force throughout
brush life

A — e —

Lubrication Chemistry

Negator Spring Dampens contact vibration and keeps

brush from breaking electrical contact
with rinc
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Cantilever Spring adiusted

Allows improved FOT brush technol-
ogy to be used in a broad range of ap-
plications under extreme conditions
with a broad range of brush and ring
materials including silver alloys, gold
alloys and copper alloys (e.g., brass,
beryllium copper, bronze, etc.

The Combination of all
Parameters Listed Above

Modifications

[00107] The present invention contemplates that many changes and modificaitons may
be made.

[00108] For example, the annulus may be formed between two concentric circles.
Alternatively, the annulus may be formed between other geometric shapes and
configurations. The brush material may be changed, as desired. The lubricant may be
of the type described, or some other lubricant may be used. The lubricant may be a
diester, fluorocarbon, halorcarbon, hydrocarbon, polyphenyl ether, or may be some
other type. The lubricant reservoir may have mulitiple configurations for receiving
brushes and for storing and dispensing lubricant. The lubricant reservoir allows for a
number of different electrical connections. See, e.g., Figs. 10-11D for some (but not all)
different electrical connections. The volume or capacity of the lubricant reservoir may
be changed or varied. The reservoir may be refilled with lubricant from time-to-time, as
desired.

[00109] As noted above, silver alloys, gold alloys and copper alloys (e.g., brass,
beryllium copper, bronze, etc.) may be used for the fiber brushes. Other types of
materials may be used. Similarly, while the ring materials may be fabricated from
copper and copper alloys, other ring materials may also be used.

[00110] A unique feature of the improved slip-ring lies in the ability to operate without
an electrodeposit on the rings if lubricant is provided on a continuous basis to the
interfacial contact area.

[00111] Negator springs provide the capability of providing a wide range of brush
forces, of providing a constant force throughout the life of the brush assembly, and of
damping brush vibrations.

[00112] Therefore, while the present invention provides an improved electrical contact

for slip-rings, and several modifications have been discussed, persons skilled in this art
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will readily appreciate that various additional changes and modifications may be made

without departing from the scope of the invention, as defined and differentiated in the
following claims.
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CLAIMS:
1. A slip-ring adapted to provide electrical contact between a stator and a

rotor, said slip-ring including a brush assembly mounted on said stator, said brush
assembly having a brush tube and having a fiber bundle composed of a number of
individual fibers, one marginal end portion of said fiber bundle being received in said
brush tube, the other marginal end portion of said fiber bundle extending beyond said

brush tube toward said rotor,

wherein a central portion of said fiber bundle has been removed below said
brush tube such that the fibers extending below said brush tube toward said rotor are in

the form of an annulus;
wherein the fibers in said annulus contact said rotor; and

wherein the tangential compliance of the fibers in said annulus at their
points of contact with said rotor are more than twice the tangential compliance of said

fiber bundle if said central portion had not been removed.

2. A slip-ring as set forth in claim 1 wherein the tangential compliance of the
fibers In said annulus is variable as a function of the diameters of the fibers in said annulus,
the free length of the fibers in said annulus from the end of said brush tube to the tips of

said fibers, and the transverse cross-sectional area of said central portion.

3. A slip-ring as set forth in claim 1 wherein a portion of said brush tube is

crimped or swaged to hold said one marginal end portion of said fiber bundle therein.

4. A slip-ring as set forth in claim 1 wherein the tangential compliance of the
fibers in said annulus at their points of contact with said rotor is more than 2-1/2 times the

tangential compliance of said fiber bundle if said central portion had not been removed.

5. A slip-ring as set forth in claim 1 wherein said fiber bundle has
about 2000 individual fibers.
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6. A slip-ring as set forth in claim 5 wherein said central pdrtion includes
about 1000 fibers.
7. A slip-ring as set forth in claim 1' wherein said central portion contains

about half of the number of fibers in said fiber bundle.

8. A slip-ring as set forth in claim 1 wherein said annulus has a substantially-
constant radial thickness.

9. A slip-ring as set forth in claim 1 wherein said fibers have diameters in the
range of 0.002-0.005 inches. ’

10. A slip-ring as set forth in claim 9 wherein each fiber has a diameter of
about 0.003 inches.

1. A slip-ring as set forth in claim 1 wherein the length of said fibers in said

annulus extending beyond said tube and toward said rotor is in the range of 0.3-0.7 inches.

12. A slip-ring as set forth in claim 11 wherein the length of said fibers in said

annulus extending beyond said tube and toward said rotor is about 0.40 inches.

13. A slip-ring as set forth in claim 1 wherein the transverse cross-sectional
area of said central portion is more than 2/3 of the transverse cross-sectional area of said
fiber bundle.

14. A slip-ring as set forth in claim 1 wherein the tangential compliance of the

fibers in said annulus at their points of contact with said rotor is about 0.006350 inches/gram.

15. A slip-ring as set forth in claim 14 wherein the tangential compliance of the
fibers in said fiber bundle from which said central portion had not been. removed at their
points of contact with said rotor is about 0.00139 inches/gram.

16. A slip-ring as set forth in claim 1 wherein the tangential compliance of the

fibers in said annulus at their points of contact with said rotor is more than 4.5 times the
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tangential compliance of said fiber bundie at its point of contact with said rotor if said
central portion had not been removed.

17. A slip-ring as set forth in claim 1, and further comprising:

a reservoir above said brush tube, said reservoir being in fluid

communication with said fiber bundle; and
a lubricant in said reservoir.

18. A slip-ring as set forth in claim 17 wherein said lubricant includes at least

one of a diester, a fluorocarbon, a halocarbon, a hydrocarbon, and a polyphenyl ester.

19. A slip-ring as set forth in claim 17 wherein said reservoir is in fluid

communication with said fiber bundle through the spaces between said fibers.

20. A slip-ring as set forth in claim 19 wherein the flow of lubricant through said

spaces is a function of the sizes of said spaces.

21. A slip-ring as set forth in claim 1, and further comprising: resilient means

for urging said fiber bundle to move toward said rotor.

22. A slip-ring as set forth in claim 21 wherein said fiber bundle is urged to

move toward said rotor with substantially-constant force.

23. A slip-ring as set forth in claim 21 wherein said resilient means includes a
negator spring.
24. A slip-ring as set forth in claim 21 wherein said resilient means includes a

cantilever spring.

25. A slip-ring as set forth in claim 1 wherein said rotor does not have an

electrodeposited material.

26. A slip-ring as set forth in claim 1 wherein said fibers are formed of at least

one of a silver alloy, a gold alloy and a copper alloy.
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