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Abstract

Precision rotary mechanisms used in spacecraft depend upon accurate measurement of rotary position to
support pointing, deployment, and scanning functions. Even small axis-of-rotation deviations can introduce
significant position measurement error. Such deviations may arise from assembly tolerances, launch
vibration, stage separation or payload deployment shock events, the transition from 1-g ground conditions
to the microgravity environment on orbit, thermal distortion, or changes in bearing stiffness or preload. The
BEI TRACKER optical encoder used in this study provides an alignment measurement that reports radial
displacement between the stator-mounted read head and the optical pattern on the rotor-mounted code
disk. A Motor-Bearing-Encoder (MBE) assembly was evaluated under controlled bending moment and
thermal conditions to examine how mean alignment and Total Indicated Runout (TIR) respond to
mechanical and environmental loading. Results show that the mean alignment value over one shaft rotation
indicates axis migration, while TIR provides complementary information about apparent runout behavior.
Together, these observables provide a practical means to assess mechanism state during ground testing
and following environmental exposure.

Introduction

In optical encoders that use a single stator-mounted read head, rotary position is determined by observing
the optical pattern on a rotor-mounted code disk or scale at one angular location. If the geometric center of
that pattern is radially misaligned with the mechanism’s axis of rotation, the measured position contains a
one-cycle-per-revolution error commonly referred to as eccentricity or centration error. This eccentricity is
often the dominant contributor to overall rotary position measurement error. As mechanisms trend toward
smaller geometries, they become increasingly sensitive to small axis deviations, which can degrade
pointing performance in precision spacecraft mechanisms and pointing instruments [1,2]. Direct observation
of rotor-stator positional changes can therefore provide insight into the sources of rotary position error,
particularly in single-read-head encoder architectures.

Because this one-cycle-per-revolution eccentricity error can dominate the rotary position measurement, a
common mitigation technique is to employ diametrically opposed encoder read heads. The one-cycle-per-
revolution error observed at each read head is 180° out of phase, so combining the two position
measurements can substantially cancel the eccentricity component of the error [3]. While effective for
reducing this dominant harmonic, multiple read heads introduce additional hardware and signal-processing
complexity and, depending on the encoder architecture, may increase sensitivity to other error harmonics
[3]. For mechanisms constrained by available volume, power dissipation, or cost, a single read head
encoder architecture is often preferred. In such systems, the ability to observe changes in the relative
position of the rotor and stator becomes especially valuable.

The BEI TRACKER optical encoder utilized in this study incorporates an internal alignment sensing
capability in addition to rotary position measurement. This feature measures the radial displacement
between the code disk optical pattern and the stator-mounted read head, providing a direct observable of
rotor-stator positional behavior in a single-read-head encoder architecture. The present work investigates
how this measurement can be used to characterize axis migration and apparent runout behavior under
controlled mechanical loading and thermal environmental conditions.
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The experimental investigation was performed using a Motor-Bearing-Encoder (MBE) assembly
incorporating this encoder capability. The configuration of this test article and the encoder alignment
reporting interface are described in the following section.

System Description

The experimental investigation was performed using a Motor-Bearing-Encoder (MBE) assembly configured
as a representative rotary mechanism test article. The assembly consists of a brushless motor, duplex
angular contact bearings, and a high-resolution optical encoder integrated within a common housing. The
glass code disk is mounted to the rotating shaft. The read head optics and associated electronics are
located within the stator housing extension beneath the BEI label shown in Figure 1. This arrangement
allows the encoder to measure rotary position while maintaining a fixed reference between the stator-
mounted read head and the shaft-mounted code disk.

Figure 1. Motor-Bearing-Encoder (MBE) assembly used for the experimental investigation and radial
alignment sensing direction (arrow).

In its nominal operating mode, the encoder provides a 24-bit absolute rotary position output. In addition to
position sensing, the encoder includes an internal alignment measurement capability that monitors radial
displacement between the optical code disk and the read head. The radial measurement direction is
indicated by the orange arrow in Figure 1. The alignment measurement spans a radial range of
approximately 100 um about the nominal alignment between the code disk pattern and the stator-mounted
read head.

Alignment data are accessed via a host-issued serial command. When this mode is enabled, the encoder
output word is reconfigured from the nominal 24-bit position format to a combined output consisting of the
10 most-significant bits of position followed by 14 bits of alignment data. The encoder can report position
and alignment data at host-requested update rates of up to 2 kHz.

Experimental Approach (Moment Loading)

Controlled bending moments were applied to the assembly shaft using removable masses attached via a
shaft adapter as shown in Figure 2, producing nominal moments of 0, 0.246, 0.503, and 1.200 N-m.
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Figure 2. Experimental configuration for applied bending moment using removable cylindrical masses
attached to the shaft adapter. (Read head shown at 270° orientation)

Alignment data were collected at six read head orientations (30°, 90°, 150°, 210°, 270°, and 330°) as shown
in Figure 3. For each orientation and load condition, the shaft was rotated through multiple revolutions while
alignment data were recorded. Two quantities were computed for each revolution: the mean alignment,
defined as the average radial displacement between the stator-mounted read head and the code disk
pattern, and the Total Indicated Runout (TIR), defined as the peak-to-peak variation of the alignment signal
over that revolution. The reported values represent averages of these quantities across multiple revolutions.
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Figure 3. Read head azimuth orientations used in the experiment. Angular reference increases
counterclockwise from 0° at the right (east).

Both observables are derived directly from the encoder alignment measurement. Mean alignment reflects
the relative position of the rotational axis with respect to the stator-mounted read head, while TIR reflects
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the apparent runout of the code disk pattern relative to the read head. The alignment shifts observed in this
study remain well within the £100 pm radial sensing range of the encoder alignment channel.

Results (Moment Loading)

The alignment measurements show a systematic shift in mean radial alignment with increasing applied
bending moment, consistent with deflection of the rotational axis under side loading. Figure 4 shows mean
radial alignment as a function of read head azimuth for four applied bending moment conditions. Even in
the absence of externally applied side load, a small azimuth-dependent variation is observed, consistent
with inherent loading of the assembly under 1-g gravity bias.
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Figure 4. Mean radial alignment versus read head azimuth for increasing applied bending moment,
showing systematic axis deflection under side loading with extrema aligned with the gravity direction.

The magnitude of the alignment shift increases monotonically with applied bending moment, indicating
progressive deflection of the rotational axis under load. As the applied moment increases, the alignment
curves shift accordingly, reflecting the change in the relative position of the rotational axis with respect to
the stator-mounted read head. The peaks at 270° correspond to the expected shift of the rotational axis
toward the read head due to the gravity loading direction. Conversely, the minimum values at 90°
correspond to the axis shifting away from the read head under the same gravity bias.

The encoder code disk Total Indicated Runout (TIR), defined as the peak-to-peak alignment variation over
one shaft revolution, remained approximately 29 um and varied by less than 0.41 ym across all side-load
and azimuth conditions. This indicates that the applied bending moments do not materially alter the code
disk runout geometry and that the observed alignment shifts primarily reflect motion of the rotational axis
relative to the read head rather than changes in disk eccentricity.

Environmental Response (Thermal Excursion)

In addition to controlled bending moment loading, the assembly was subjected to a thermal excursion to
evaluate how the alignment observables respond to environmental change. Separate ambient-to-hot-to-
ambient thermal runs were performed serially for each applied bending moment condition. During these
tests the read head remained at the 270° orientation, corresponding to the gravity direction used in the
moment-loading experiment. Mean radial alignment and Total Indicated Runout (TIR) were recorded
continuously as temperature increased during each run.
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Figure 5. Environmental response of the Motor-Bearing-Encoder assembly during a thermal excursion. (a)
Mean radial alignment versus temperature for four applied bending moment conditions. (b) Total Indicated
Runout (TIR) versus temperature.

Figure 5a shows the evolution of mean alignment with temperature. Alignment shifts monotonically as
temperature increases for all moment levels. This behavior is consistent with differential thermal expansion
between the aluminum stator housing carrying the read head and the shaft/code disk stack, combined with
thermal lag as heat conducts through the bearings into the shaft and glass code disk.

Figure 5b shows the corresponding TIR versus temperature. In contrast to the side-load case, where TIR
remained nearly constant under changing bending moment at approximately constant temperature, TIR
exhibits a strong temperature dependence during thermal excursion. Because the thermal excursions were
performed serially for each bending moment condition, the traces represent separate thermal histories
rather than point-by-point load comparisons from a single common initial state. The data therefore indicate
that temperature is the dominant driver of TIR variation in this dataset, while smaller offsets between runs
may reflect differences in initial assembly state or run-to-run history.
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Although demonstrated here for thermal loading, the same monitoring approach can be applied following
other environmental changes experienced by spacecraft mechanisms. These include mechanical
perturbations such as launch vibration or shock during stage separation and payload deployment, as well
as the transition from 1-g ground conditions to the microgravity environment on orbit. Changes in mean
alignment and/or TIR relative to a pre-event baseline would provide quantitative indicators of altered rotor-
stator geometry or changes in mechanism state.

Conclusions

This study demonstrates that encoder alignment reporting provides a direct observable of rotor-stator
positional behavior in a Motor-Bearing-Encoder assembly. Under controlled bending moment loading, mean
alignment varied systematically with read head azimuth and increased monotonically with applied moment,
indicating deflection of the rotational axis. In contrast, Total Indicated Runout (TIR) remained nearly
constant under these side-load conditions, indicating that the applied bending moments did not materially
alter code disk runout geometry.

During thermal excursion, both mean alignment and TIR exhibited temperature-dependent behavior with
distinct trends. Mean alignment shifted monotonically with temperature, consistent with differential thermal
expansion and thermal lag within the assembly, while TIR varied significantly with temperature, indicating
sensitivity of apparent runout behavior to environmental conditions.

Because these observables are intrinsic outputs of the encoder system, no additional instrumentation is
required. Monitoring mean alignment and Total Indicated Runout (TIR) therefore provides a practical
diagnostic capability for detecting changes in rotor—stator geometry and assessing mechanism state during
ground testing and after environmental exposure such as launch vibration, shock, thermal cycling, or
transition to the on-orbit microgravity environment.
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