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Abstract

During development of a new slip ring design, our panel of subject matter experts was unable to find
examples of how slip rings perform at very low current levels. This paper discusses the performance of
Gold-on-Gold Slip Rings for micro-amp scale signals. We offer a concise overview of slip ring technologies
and common applications and discuss the challenges associated with low current transfers in slip rings. We
discuss the testing that Honeybee Robotics has completed, including a description of the test hardware,
the test conditions (electrical signals, rotation rate, and lubrication scheme) and the resulting performance
under flight-like conditions.

Introduction

Slip rings are devices that make use of sliding electrical contacts to transmit power and signals across a
rotating interface. In spacecraft mechanism applications these are commonly used in Solar Array Drive
Assemblies, Bearing and Power Transfer Assemblies, and other applications requiring continuous rotation.
These devices consist of a rotor (or slip rings) and brushes. Common material combinations used for slip
ring assemblies (SRAs) are silver-alloy rings with self-lubricating sintered silver brushes, gold alloy plated
rings with monofilament gold alloy brushes, and gold alloy plated rings with gold alloy fiber brushes. Of
these basic types, perhaps the most common employed in flight applications over the last few decades has
been the gold alloy rings with monofilament gold brushes, commonly referred to simply as “gold-on-gold”.

These gold-on-gold systems are most typically wet lubricated with either Brayco or Pennzane®-based oils
depending on the temperature requirements. Of these lubricant types Pennzane® is the more common
choice. Several formulations of Pennzane® (formulated and sold by Wm. F. Nye of New Bedford, MA) have
been used successfully in flight SRA applications. These formulations include NYE 2001A (“neat
Pennzane®”, i.e., without additives), NYE 2001 (with anti-wear and anti-oxidant additives), and NYE 2001-
XPbNp (with anti-wear, antioxidant, and lead naphthenate additives, where the X is the mass percent of
the latter, typically around 3% which is used in this testing).

Noise, or variations in the contact resistance between the rotating ring and the stationary brush as a function
of rotation is an unavoidable characteristic of all slip ring designs. The number of brushes is usually chosen
for current-carrying ability. Typically low-current circuits are designed to have only a few brushes in order
to minimize the overall size, mass, and parasitic torque of a given SRA. This approach is contrary to
reducing noise in those circuits because the more contacts a given circuit possesses, the lower the effective
noise becomes as there are more parallel current paths involved. This limited contact scheme is by far the
most common approach for signal-level circuits. While the parallel contact approach can reduce noise on
a typical circuit; for circuits carrying very low currents this may be counter-productive. Since a substantial
contribution to the electrical contact at the sliding interface is due to quantum mechanical tunneling (with
the primary path being metal to metal contact) the voltage drop at the contact interface plays a role in
contact quality and noise [6] (Holm). With high enough voltage, insulating films at the interface can be
broken down or tunneled through. For very low current signals, such as those investigated as part of this
study, the question arises: does sufficient voltage drop exist at the contact for these mechanisms to
contribute to conduction? This was addressed in this study.
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Noise characterization is an important test for any slip ring, as it can be the best indicator of the health of
the contact system. For circuits carrying power, those that are heavily averaged, and other robust signals
are generally insensitive to noise on the slip ring. However, some signals can be very sensitive. Stick-slip
behavior is evident in torque traces which results in noise peaks associated with these events (as shown
in Figure 2 for a typical slip ring assembly). The noise spikes in this figure correspond to the leading brush
sliding forward on the ring while the trailing brush remains in contact; the leading brush is momentarily open
for this brief period of time. Low current analog signal circuits, for example, pose a particular challenge.
Other researchers have proposed slip ring noise has contributed to anomalous encoder readings and
resulted in control problems on orbit [1] (Koss and Woolaway). Though the Windsat SRA discussed by
Koss and Woolaway was of a unique configuration in terms of the materials used, rotational speed, and
total number of revolutions (life), their findings warrant further investigation into the integrity of low-current
signals on slip rings.
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Figure 1. Cross-section of brush ring interface.
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Figure 2. Typical signal (2-brush) gold-on-gold slip ring resistance and drag torque as a function
of time. The behavior seen here is common at low rotation rates where stick-slip behavior is
prevalent. At higher speeds, those commonly used for noise testing, stick-slip is virtually non-
existent. Brush design, lubricant selection and drive configuration can drastically affect this
behavior. One of the products of this study will be noise level comparisons over arange of
rotation rates.
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Experiment Design

To characterize performance of a gold-on-gold slip ring we designed and fabricated a two-channel slip ring
assembly using flight-like materials and processes. This SRA makes use of brass rings, cut with a 90-
degree v-groove (Figure 1) then nickel and hard-gold plated. The rings are integrated onto an insulating
shaft and mounted to an aluminum housing on a pair of preloaded radial contact bearings. The brushes are
Neyoro 28A, a Au-Ag-Ni alloy commonly used in space flight slip ring applications [5] (Pitney). The brushes
are monofilament (homogeneous). They are mounted on a PWB brush block which is then assembled to
the housing. The brushes are adjusted for appropriate contact force with the rings and aligned with the
center of the v-groove.

The 2-channel SRA was lubricated with NYE 2001A and run-in in both directions under laboratory
conditions. After cleaning and inspection the SRA was re-lubricated with NYE 2001A and tested in air and
under vacuum conditions with the signals and speeds outlined in Table 3. Cleaning was performed using a
hexane rinse with the brush block and brush in-place so as not to disturb the contact system alignment.
After cleaning the unit was re-lubricated with NYE 2001 in the same quantities as before and the tests re-
run. In a similar manner the rings are cleaned and re-lubed for NYE 2001-3PbNp and tested.

The results presented herein will summarize the effect of rotational rate and lubricant selection on slip ring
resistance and noise as a function of rotation rate.

Experiment Configuration
Testing was conducted on a two-channel slip ring. The slip ring itself was procured per a source control
drawing from Electro-Miniatures Corporation of Moonachie, NJ. The slip ring was machined from brass tube
with 90-degree v-grooves which were nickel then hard gold plated per the vendor’s standard processes.
Brushes were procured from the same source and were produced by Deringer Ney of Vernon Hills, IL.

Table 1. Ring and brush details.

Material/Dimension Specification/Units
Ring Substrate Red Brass ASTM B36
Ring Diffusion Barrier |Electrolytic Nickle Technic WS
Ring Wear Surface |Hard Gold MIL-G-45204 Type |, Il
Ring Pitch Diameter |70.61+0.051 (2.780+0.002) mm (inches)
Ring V-Groove Angle |90 Degrees
Brush Material Neyoro 28A ASTM B477
Brush Composition  [Au/Ag/Ni 75%/22%/3% by weight
Brush Format Circular Cross-Section, Monofilament
Brush Diameter 0.406 (0.016) mm (inches)
Brush Force 6.0 gram-force nominal

Testing was done in a thermal vacuum chamber under ambient temperature conditions (20-24°C) at 104
to 10 torr pressure. The Unit Under Test (UUT) was driven from outside the thermal vacuum chamber
through a ferrofluidic feedthrough by a 1.8-degree commercial hybrid stepper motor using 256:1
microstepping and a 100:1 planetary gearhead. This yields a step size at the slip ring of 1.23 urad. The test
slip ring in the chamber is shown in Figure 3.
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Figure 3. UUT in chamber before door closure. Slip ring assembly is shielded using aluminum foil
and aluminum tape. Drive shaft exits to the right of the photo to chamber feed through.

Figure 4. Slip ring brushes in v-grooves. Heavier than typical lubricant application is present in
this photo taken during run-in.

Procedure

The slip ring was assembled and the brush blocks aligned with corresponding rings. Figure 4 shows the
brushes in the slip rings used in this test.

The rings were lubricated with neat Pennzane® (NYE 2001A) and run-in under standard laboratory
conditions (atmospheric pressure and room temperature) for 2000 revolutions minimum in each direction.
After run-in the system was tested under lab conditions to verify performance and ensure test protocols
were appropriate. Lubricant quantity was judged visually by evaluating the meniscus at the brush/ring
interface. Material and configuration information for the slip ring is given in Table 1.
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Power was applied to the slip rings using a battery and voltage splitter arrangement. Figure 5 shows the
electrical schematic for this setup. A series of resistors was used to set the current applied to the slip ring
pair. This battery arrangement was used because commercial power supplies proved to be too noisy for
these tests as the noise levels resulted in unacceptable signal-to-noise ratio.

Using the battery pack approach we were able to effectively eliminate power supply noise and deal primarily
with environmental and A/D noise in the DAQ. Our background noise level was on the order of
80-100 uVpk-pk. This background noise level dictates the peak-to-peak noise that can be resolved in the test
and therefore our effective signal-to-noise ratio.

Typical noise levels in this type of slip ring are on the order of tens of milliohms per circuit, meaning that for
a circuit pair in series that value is multiplied by v2. Therefore, we expected approximately 30 milliohms of
noise. Table 2 shows the voltage level of the expected noise as a function of applied current via resistor
value in the power supply circuit (Figure 5).

Table 2. Power supply and slip ring test electrical parameters, including environmental
(background) noise levels and calculated signal to noise (S/N) ratios and resolvable noise levels.

Resistor | Battery | Sense Nominal Actual | Nominal (Background Slip F_ang Noise SR SIN Unfiltered
. uuT . Pair Spec | Voltage . |Resolvable
Value | Voltage |Resistor ; Current | Current | Noise Level ; S Ratio .
Resistance Resistance | Limit Drop Noise
100Q 12.3v 10Q 0.35Q 110mA [100mA 100pv 131mQ 30mQ [14.6mV |146 900pQ
1kQ 12.3v 10Q 0.35Q 12mA [10mA 100pv 131mQ 30mQ  [1.6mV 159 [8mQ
10kQ 12.3v 100Q 0.35Q 1.2mA [1ImA 100pv 131mQ 30mQ  (160pV 1.6 82mQ
100kQ 12.3V 100Q 0.35Q 120pA  |100pA 100pv 131mQ 30mQ 16pVv 0.16 0.88Q
1mMQ 12.3V 100Q 0.35Q 12pA 10pA 100pv 131mQ 30mQ 1.6uVv 0.016 (8Q
DAQ_1 DAQ_2
1E9
S
- - N
SLIPRING 100
S0
BATTERY
R1 R2 R3 R4 RS 123 5
Rser=2.5 —
1000K - 100K 10K 1K 100 —

.op

Figure 5. Power supply circuit used to control current to the slip rings under test.

Current was measured and recorded continuously by measuring the voltage drop across a high-power
resistor for each measurement. In this way, the current across the slip rings was directly measured,
variations of which was accounted for in our resistance measurements. Two sense resistors were used
depending on the current applied and tailored to the test case. A 10-Q resistor was used for high current
cases (120 mA and 12 mA) and a 100-Q resistor was used for all other cases. In this paper, we will refer to
these current levels by their nominal values (e.g., 100 mA instead of 110 mA) for convenience and
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simplicity. Our DAQ was set up with two A/D channels, one for the voltage drop across the slip ring and
one for the sense resistor. Resistance was calculated in real time for each test as opposed to a hominal
current used and voltage being recorded. A sample resistance data set is given in Figure 11. Data were
acquired at 100 kHz on both channels, a 100-Hz second-order low-pass filter was used on the current
channel while the noise channel was recorded at 100 kHz broken into three levels, each defined by a
second order low pass digital filter. One was set at 10 kHz, another at 1 kHz and the last at 100 Hz. Filtering
the raw noise data was also beneficial in reducing the resolvable noise and effectively increasing the signal-
to-noise ratio, allowing us to decrease the resolvable noise levels from approximately 8 Q for the unfiltered
signal to approximately 1.25 Q using the 1-kHz filter.

POWER SUPPLY CKT
(FIGURE 5) 16BIT 320MS/s A/D DAQ
SENSE 0 2
RS DAQ_1
CHAMBER WALL

<€«—— BRUSHES

SLIP RINGS

NOISE VERIFICATION RESISTOR
/

Figure 6. Schematic representation of test setup. Switch at resistor is normally closed, it is only
open for transient detection tests described herein.
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Figure 7. Annotated sample of DAQ test interface showing ongoing test.

Because the background noise levels in our production environment and test setup could not be reduced
below approximately 100 uV, we were unable to measure true slip ring contact noise directly at current
levels below around 1 mA. Although our threshold noise levels effectively raise our measurement noise
floor and reduce our signal to noise ratio, we can still resolve noise events of a certain magnitude. Filtering
the raw noise data helps to improve our signal-to-noise ratio and allows us to easily see a 1-ohm change
in the slip ring resistance as witnessed by our test for sensitivity on the UUT in-situ at ambient pressure. To
do this, we connected a 1-ohm resistor as shown in Figure 8 and ran our data acquisition program to collect
resistance and noise data (Figure 9) while our lowest (~10 pA) current level was applied. The resistor was
attached as shown in Figure 8; connections were sprung against one another so that short duration
transitions in resistance could be induced. The oscilloscope trace in Figure 8 captures one of these
transitions at 32 ps. The screen shot in Figure 9 shows the impact of this test on the captured data. Despite
the short duration of the resistance transition induced by the test, all filtered groups recorded the event;
also of note is that the resistance trace also recorded the corresponding increase in measured circuit
resistance. This gives confidence that transient open circuit events are captured in the test data for very
low current levels.

Results

Lubricant and Rotation Rate Trials

Our results indicate that in our ambient temperature, high vacuum test environment the NYE 2001A and
2001 lubricant formulations behaved similarly at all tested rotation rates, with the formulated version (2001)
providing slightly better performance across most rates and currents (see Figure 10 for a subset of these
results). Neither of these lubricants exhibited measureable performance differences between operation in
air at standard pressure and hard vacuum.
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Figure 9. Test interface screen capture of resistor sensitivity test. Baseline shift in resistance is

evident at (A), and peaks associated with transitions in (B) with all variously filtered noise traces

responding. In the resistance trace (A) the baseline resistance shift is 1 ohm, in the noise trace
(B) the peaks are several ohms.

Current Level Effects

We found no effect of current on noise in our testing. At the low current levels tested here, it was not possible
to fully characterize noise at our mid and low range currents. We did show that we were able to resolve
noise levels over threshold levels that are a function of the applied current itself (Table 3). We did not find
any instance of noise levels above these thresholds for any lubricant, environment, or rotational speed
tested. While we do see an apparent increase in noise levels for lower currents, as in, we cannot confirm
these are real as the background noise levels are of the same magnitude as the measured noise.
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Role of Environment Pressure

While the neat oil (2001A) and formulated oil (2001) results did not indicate differences between operation
in air and vacuum, the 2001-3PbNp formulation did. Figure 12 is a graph of the extended 1-kHz filtered
noise measurement for the UUT in both air and vacuum with 100-mA DC current applied. We found that
the lead naphthenate produced higher noise levels in vacuum at our highest speed levels but performed
better than the other formulations at lower speeds (Figure 13). The cause of these differences in noise
performance is not investigated as part of this study.
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Figure 10. Peak-to-peak noise as a function of time for various surface speeds (rotation rates) and
ring lubricant. These graphs show the instantaneous peak to peak noise (over 0.2 s, solid lines)
and the extended peak to peak noise (over 10 s, bars). Data are presented filtered using a low
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Figure 12. Extended (10 second) noise results at tested surface speeds with 100 mA applied for
2001-3PbNp in air and in hard vacuum filtered using 1-kHz low-pass digital filter.
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Table 3. Peak to peak RMS noise result for each lubricant/current/rate configuration. It should be
noted that at current levels below approximately 1-mA background (environmental) noise
dominates the slip ring noise signal. The values presented in this table for the lower currents
tested are below the unfiltered threshold noise levels in Table 2, this was achievable by
incorporating low pass filters, in the case of the results in this table the filter used was 1 kHz.

Measured Slip Ring RMS noise (1kHz low pass filter)
Rot.Rate (mrad/s)/rpm/Surf.Speed (mm/s)
Lube Formulation | Nominal Current 630/6.0/22 63/0.6/2.2 6.3/0.06/0.22 0.63/0.006/0.022
NYE 2001A 100mA DC 0.00178 0.00143 0.00080 0.00026
NYE 2001A 10mA DC 0.00198 0.00176 0.00154 0.00139
NYE 2001A 1mA DC 0.0127 0.0127 0.0126 0.0126
NYE 2001A 100pA DC 0.120 0.122 0.123 0.120
NYE 2001A 10pA DC 1.25 1.29 1.28 1.26
NYE 2001 100mA DC 0.00131 0.00084 0.00043 0.00020
NYE 2001 10mA DC 0.00195 0.00168 0.00147 0.00136
NYE 2001 1mA DC 0.0122 0.0124 0.0123 0.0122
NYE 2001 100pA DC 0.118 0.120 0.119 0.118
NYE 2001 10pA DC 1.22 1.24 1.24 1.23
NYE 2001-3PbNp 100mA DC 0.00334 0.00106 0.00048 0.00020
NYE 2001-3PbNp 10mA DC 0.00453 0.00171 0.00149 0.00136
NYE 2001-3PbNp 1mA DC 0.0132 0.0124 0.0123 0.0122
NYE 2001-3PbNp 100pA DC 0.119 0.119 0.119 0.119
NYE 2001-3PbNp 10pADC 1.24 1.25 1.25 1.24
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Figure 15. Peak-to-peak RMS noise (from Table 3) for the three lubes studied. Noise was
measured in hard vacuum with 100-mA nominal current applied.
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Conclusions

We found that of the three lubricant formulations tested, NYE 2001 performed the best in terms of noise.
NYE 2001A (neat Pennzane) was a close second at our highest surface speed (22 mm/s), while the
formulation of 2001 containing lead napthalate was the worst in terms of noise at that speed. At our
intermediate surface speeds, the 2001-3PbNp was better or the same as 2001A and at our slowest test
speeds it was nearly identical (Figure 15). We also found that while 2001A and 2001 noise performance
did not change to a measureable degree between ambient conditions and hard vacuum, the 3PbNp
formulation did, with noise increasing in vacuum by a small but significant amount at our higher two test
speeds (Figure 12) but better at speeds 0.22 mm/s and lower.

No measurable slip ring noise was found at currents less than 1 mA for any configuration tested. Put another
way, RMS 1-kHz low-pass slip ring noise was less than 0.125 ohm at 100-pA levels and less than 1.3 ohms
at 10-pA levels.

All tests conducted in this study followed the trend of noise levels reducing with decreasing surface speed
(rotation rate). In most cases tested the peak-to-peak noise levels at our lowest surface speed
(0.0022 mm/s) were indistiguishable from a static slip ring.
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