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INTRODUCTION

Solar sensors have enjoyed a rich history of usage on yawsondes for U.S. Army munitions
programs. A yawsonde is a device used to measure the flight dynamics of spinning projectiles,
including spin and attitude estimates. Solar sensors are employed within these devices to estimate
projectile orientation, using the sun as a reference. These sensors typically consist of a photodiode
placed within a housing that has a small slit or pinhole aperture. This casts sunlight on the
photodiode, in such a way that the voltage or current output varies with changes in the angle
between the projectile spin axis and the direction to the sun. This is referred to in literature as the
solar aspect angle o;. As the projectile spins, the sunlight incident on the photodiode creates a pulse
position modulated electrical pulse train, with the time between pulses depending on the solar aspect
angle. The electrical pulse train is then telemetered, recorded, and processed to obtain a graph of
the solar aspect angle during muzzle exit and during flight.

Other sensors have been used on yawsondes to measure projectile dynamics such as micro-
electro-mechanical systems (MEMS) magnetometers, accelerometers, and gyroscopes. However,
these sensors have been shown to have gun-launched and platform-induced effects that makes
accurate projectile measurements difficult, including distortion of the geomagnetic field by the
projectile body and shock-induced bias and gain shifts. Solar sensors, being entirely optical devices,
have been shown to be immune to such effects. They have been treated as a gold standard for
evaluating measurements from other sensors as well as correcting those measurements using
sensor fusion algorithms (refs. 1 through 3).

An important limitation in using solar sensors is that the projectile must be fired during the
day, within a certain time window where the sun is within view and near-perpendicular to the sensor,
and with minimal cloud coverage. The time window changes for different firing angles. This limitation
has precluded solar sensor for tactical use, which requires all-weather day and night capability.

PRIOR ART

Designs for solar sensors date back to the late 1960s for the High Altitude Research Project
(ref. 4). Development since this time occurred due to the efforts of personnel from the former Ballistic
Research Laboratories (BRL), Aberdeen Proving Ground, MD, former Harry Diamond Laboratories
(HDL), Adelphi, MD, U.S. Army Research Laboratories (ARL), Adelphi, MD, and divisions at the U.S.
Army Combat Capabilities Development Command Armaments Center (DEVCOM AC), Picatinny
Arsenal, NJ. Early designs include pinhole yawsondes, credited to development at HDL and referred
to in literature as the “HDL yawsonde” (refs. 5 through 8). These designs feature an instrumented
standard artillery fuze with a small pinhole. Within the fuze is a photodiode (or photodiode array),
covered with an optical masking with two or more slits in the shape of the letter “V.” As the projectile
spins, light from the pinhole transverses the legs of the “V,” generating a series of pulses whose duty
cycle depends on solar aspect angle. Pinhole yawsondes sensors typically required a large intrusion
into the instrumented fuze in order to accommodate the space between the aperture and optical
mask.

Engineers at the BRL and DEVCOM AC later developed another yawsonde—referred to in
literature as the “Short Intrusion” or “BRL” yawsonde—which does away with the pinhole and optical
mask. Instead, as shown in figure 1, each photodiode is housed in a separate sensor, featuring a
round plastic housing that contains a slit, serrated walls acting as light traps, and reflectors (refs. 4
and 9 through 12). This slit allows sunlight to penetrate to the photodiode only when it crosses along
its plane. Shown in figure 2, the solar sensor screws into the side of the fuze housing and is clocked
so that the slit axis is at an adjustable angle with the projectile main axis. Two or more sensors
placed around the perimeter of the fuze, with several tilted, create the same effect as the “V” slots in
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the HDL pinhole yawsonde. As the projectile spins, the sensors generate a series of pulses, the duty
cycle of which depends on solar aspect angle.

o . \-Q\

(@) (b)

Exterior Interior

Figure 1
BRL yawsonde solar sensor
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Figure 2
BRL yawsonde

Engineers at the ARL later improved on this design to reduce intrusion by using a smaller
machined-aluminum two-piece shroud with an optical slit (ref. 13); this was known as the Jet
Propulsion Laboratory Free Flying Magnetometer (JPL-FFM) solar sensor. The geometry of the
sensor was refined, and this sensor was later referred to as the ARL solar light indicating transducer
(SLIT), which is the current state of the art model. Further improvement by the ARL led to the
aeroballistic diagnostic fuze (DFuze), which combined the SLITs with magnetometers, gyroscopes,
magnetometers, low-g accelerometers, and high-g accelerometers (refs. 14 and 15).

The ARL SLIT sensor consists of a two-piece, precision-machined aluminum clamshell
shroud. Similar to the BRL yawsonde solar sensor, there are light-absorbing ridges on the sides of
the slit, machined into the aluminum, which act to eliminate reflections on the inner sidewalls,
narrowing the angle of acceptance of the sensor and reducing the pulse width. Obstructing pillars act
to reduce light intensity when the sensor is directly pointed at the sun. Parabolic reflectors act to
guide light from the far-off angle, increasing the angle of acceptance in the plane of the slit. A 3D
rendering of these sensors is shown in figure 3. These sensors are press-fit into tilted slots on the
fuze housing, as shown in figure 4. As the projectile spins, the sensors generate a series of pulses
whose duty cycle depends on solar aspect angle—-the same effect as the BRL yawsonde solar
sensor.
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Figure 3
ARL SLIT solar sensor - three-dimensional (3D) rendering

Figure 4
ARL SLIT solar sensor - mounted to fuze

The additional design details can be found in reference 16. An analysis of the sensor design
using Zemax optical design software can be found in reference 17. This was performed in
conjunction with the additive manufacturing effort of this report.

Other markets for solar sensors include attitude control on spacecraft. Recent sensors are
designed for attitude and spin measurements on CubeSats, which prioritize low size, cost, and
weight, including SolarMEMS (refs. 18 and 19). These sensors could be used on spin-stabilized
projectiles, as long as they could be proven to survive high-g shock environments and function in the
high spin (greater than 200 Hz) seen on such platforms.
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YAWSONDE THEORETICAL FIELD OF VIEW

A set of solar sensors, placed on the outer perimeter of a spinning projectile, will output a
series of pulses as the sun passes over each sensor’s field of view. With one sensor tilted at an
angle (typically 30 deg in practice), the pulse position changes with the solar aspect angle. For a
single solar sensor placed on a cylinder—such as on the sidewall of a projectile body—the formula for
the roll angle location of the pulse peak is given in reference 13, and is repeated in equation 1.

¢ =, — sin" (o) (1)

tan(og)
Where ¢, is the circumferential location of the sensor, y is the sensor tilt angle from vertical, and ois
the solar aspect angle. This function is plotted in figure 5 for ¢, = 90 deg, y = 30 deg. Note that the

peak roll location is directly over the sensor at ¢ = 90 deg, when the solar aspect angle g, = 90 deg,
which is when the sun is at the sensor’s zenith.
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Figure 5
Peak roll location for a 30-deg tilted solar sensor on a circular cylinder
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If the solar sensor is placed on a conical section instead of a cylinder, such as on a projectile
or fuze ogive section, the formula, as shown in equation 2, is slightly different.

¢ = — sin~! () (2)

tan(og+Tt)cos(t)—sin(t)

Where 7 is the inward tilt angle of the cone wall from vertical. For ¢, = 90 deg, y = 30 deg, and 7 =
10 deg, the function is plotted in figure 6. Note that the peak roll location is directly over the sensor at
¢ =90 deg, when the solar aspect angle o, = 80 deg, which is when the sun is at the sensor’s zenith
on the cone.
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Figure 6
Peak roll location for a 30-deg tilted solar sensor on a 10-deg slanted cone

The equations show that there is a maximum range for the solar aspect angle measurement.
This is regardless of the field of view of the individual sensor. For two solar sensors, where one is
arranged vertically and one tiled, the end of the range corresponds to the roll angle where the pulses
from the vertical and tilted sensors coincide. This is shown in figure 7. The sphere represents the
field of view of the projectile in spherical coordinates. The vertical black line on the sphere
represents the field of view midline of a vertical sensor, and the tilted red line represents the field of
view midline of a tilted sensor. The sensors are 90 deg apart and are placed on a cylinder.
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58.800° REF  \

Figure 7
Rendering of peak roll location loci on the spherical field of view of a two yawsonde system

For solar sensors with perfect 180-deg fields of view, the black lines and red lines coincide at
elevation angles of 60 deg, which agrees with equation 1. Therefore, to create a solar sensor pair for
a greater than +/-60-deg functionality requires lowering the sensor tilt angle y, while ensuring the
sensor field of view is as close as possible to 180 deg. The former will involve the reducing of system
sensitivity, as the pulse timings will become less sensitive to the solar aspect angle. The latter
involves using large height solar sensors or sensors with built-in reflectors. Sidewall reflectors are
what allow for a wide field of view in the BRL and ARL SLIT yawsonde designs.

It is possible to reduce the sensor field of view without sacrificing much of the yawsonde
system operating range. The ARL SLIT sensor field of view was analyzed as +/-81 deg in reference
17, and this allows for a two-sensor (one vertical, one tilted with y = 30 deg) system range of +/-58.8
deg, which is 98% of the full coverage of the total theoretical +/-60 deg available. If the sensor field of
view was reduced to +/-55 deg, the system field of view becomes +/-45.1 deg, as shown previously in
figure 7. This is still 75% of the full theoretical +/-60-deg coverage available. If the projectile yawing
motion to be measured is expected to be within this range, and if the projectile is fired at a time
where the sun is perpendicular to the sensor face, then this range is acceptable.

THREE-DIMENSIONAL PRINTED YAWSONDE

Tight tolerance, multiple machined parts requiring multiple hand assembly steps have usually
made each ARL SLIT sensor a high-cost, long-lead item. Modern additive manufacturing allows for
the rapid fabrication of custom parts, including internal mechanical features that could be created by
conventional machining. Solar sensor shrouds with light traps and obstructer features can be printed
at low cost, with short lead time, and requiring significantly fewer assembly steps.

Approved for public release; distribution is unlimited.
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The 3D printed yawsonde solar sensor consists of a single piece 3D printed body with a
flattened inverted cone shaped optical slit that includes side wall light-trapping ridges printed directly
into it. Computer-aided drawing renderings are shown in figure 8. The slit acts as a light pipe to an
inexpensive 3-mm T-1 packaged, flat-headed, wide-angle photodiode, which is inserted into the back
of the shroud in a small pocket and is epoxy sealed in place. The slit angle is designed for a +/- 55-
deg field of view on the insensitive axis. While this is less than the ARL SLIT sensor, the resulting
system range is still acceptable for capturing projectile motion for most ballistic tests. The outer
profile of the sensor was designed to match the ARL SLIT sensor. The slit can optionally be filled
with a clear casting resin. The resin creates refraction on the surface of the slit, acting as a small
lens, to increase the angle of acceptance along the slit plane, at the expense of a slight increase
along the sensitive axis. Two versions of this sensor were developed by two additive manufacturing
branches at the DEVCOM AC: one in plastic using stereo-lithography, another in metal using
selective laser sintering.

Figure 8
Renderings of the 3D-printed yawsonde

The plastic sensors are shown in figure 9. They were fabricated by the DEVCOM AC's
Organic Materials and Prototyping Technology Branch using a FormLabs Form2 Desktop
stereolithograph apparatus (SLA) machine in stock black resin. The machine uses photosensitive
resin that is cured by a laser, which constructs the parts layer by layer with a support structure. The
part was printed, cleaned with isopropyl alcohol, and post-cured in an ultraviolet (UV) oven. The
support structure is manually removed, and a final wet sanding step is performed to smooth the part
surface. Prototypes were assembled onto an Aerofuze Rev 3 fuze housing developed by DEVCOM
AC, as shown in figures 10 and 11. This was later used for high-g shock survivability, in both the
DEVCOM AC 155-mm air gun (surviving 12,000 g axial shock) and the DEVCOM AC SCATgun
(surviving 10,000 g axial shock), with the unit successfully surviving both firings.
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Figure 9
Plastic 3D-printed solar sensor
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Figure 10
Plastic 3D-printed solar sensors mounted on fuze housing
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Figure 11
Plastic 3D-printed solar sensors mounted on fuze - up close view
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The Prototyping and Powder Technology Branch at the DEVCOM AC additionally fabricated
the sensor using an EOS M270 laser powder bed fusion machine. The sensors were built in 0.020-
mm (20 pum) layers out of in-house developed 4340 steel powder. After the sensors were fabricated,
they were stress relieved and then removed from their build plate using electrical discharge
machining. The parts are coated with black scale, which is a byproduct of the stress relieving
process. The scale can be left on to keep the parts black, which is needed to absorb light and
prevent reflections. The scale can be removed as shown in figure 12. However, the pieces will need
to be coated again later with black material.

Figure 12
Two-piece metal clamshell 3D printed solar sensor with scale removed
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Two versions of this sensor were made to address the gap width of the center slot: a one-
piece sensor and a two-piece sensor. The first version was an attempt to produce a single piece
sensor, as shown in figure 13. Multiple gap widths were attempted to get the 3D printing process
correct. Eventually, metal parts were printed as a single piece with a well-defined slit of a 0.015 in.
gap width. A comparison of the metal sensor and plastic sensor is shown in figure 14. For a finer slot
width, the part was fabricated as a two-piece clamshell assembly, as shown in figure 15. This yielded
a slot width of 0.005 in.

Figure 13
Single-piece metal (with scale) 3D-printed solar sensor: top - front/bottom - rear
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Figure 14
3D-printed solar sensor slit comparison: top - single-piece metal with scale/bottom - single-piece
plastic

Figure 15
Two-piece scaled clamshell metal 3D-printed solar sensor
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SENSOR OUTPUT COMPARISON

Several plastic 3D-printed solar sensors and ARL SLIT solar sensors were built onto ARRT-
150 Aerofuze housings and placed onto a solar calibrator table, as shown in figure 16. Each fuze
housing contained four sensors, two vertical, two tilted at 30 deg. The calibration table consists of a
two-degrees of freedom motorized rotary table and a collimated halogen lamp acting as a sunlight
simulator. The fuze housing fixture is first aligned with the principle axis of the lamp using a
boresighted laser, then the fuze is screwed into the housing. The fuze housing is rotated through its
roll angles and then stepped through yaw angles at 5-deg intervals. A National Instruments data
acquisition system, interfaced with MATLAB, recorded the signal conditioned output of the
photodiodes.

Figure 16
Solar sensor calibration table

The outputs of the solar sensors were signal conditioned using a printed circuit board
containing the analog circuitry shown in figure 17. The schematic shows a pair of photodiodes (one
vertical, one tiled) in photovoltaic mode, as a bridge configuration biased at 3 V. The input of the
bridge is fed into an Analog Devices AD623 instrumentation amplifier, with a reference voltage set at
1.5 V. As light falls on one solar sensor, the voltage at its respective in-amp input falls, creating a
pulse on the output. Two sets of sensors are combined with another instrumentation amplifier. This
combines the outputs of all four solar sensors into a single analog channel.
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Figure 17
Schematic for solar sensor signal conditioning printed circuit board (P/N DEVCOM AC 0610-00424
AMMO085-SS)

The output of the tilted sensors at yaw=80 deg (corresponding to sensor zenith) is shown in
the plots in figure 18. The outputs are normalized to the maximum voltage measured. The plastic
solar sensor saturates the signal conditioning, while the obstructers on the ARL sensor act to limit
the signal to preserve a Gaussian shape. However, on one unit, the obstructor did not limit the signal
causing the output to be saturated.
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The pulse width of the ARL sensor was measured as 10 deg (+/-5deg) of roll angle (10.6 deg
+/-5.3 deg for the saturated sensor) at the 0.2X reference level, which is more than the amount
specified in reference 13 but agrees with plots shown in reference 20. The pulse width of the plastic
solar sensor was slightly greater, 13 deg (-6.4/+6.6 deg) at 0.2 reference level with slight asymmetry
observed. A discussion of the sampling rates required to digitize these signals can be found in

reference 20.

The output of the tilted sensor over yaw for the plastic sensor is plotted in figure 19. In
addition to the varying pulse position over yaw (the main sensor operation), the pulses quickly
saturate the sensor between 50 and 110 deg of yaw. Signals are observed between 40 and 130 deg

with no pulses observed beyond this range.
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Plastic 3D-printed yawsonde output on a rotating fuze for solar aspect angles 40 to 130 deg
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The output of the tilted ARL SLIT sensor is plotted in figure 20. The sensor range is greater
as pulses are observed from 30 to 140 deg; however, the pulse widths elongate at the extremes. The
pulses begin to merge into the pulses from the vertical sensor (off-axis on the left). Pulse height is
generally limited by the obstructors; however, it is not uniform, and, at some angles (50 deg), the
obstructors do not function.
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Figure 20

ARL SLIT sensor on a rotating fuze for solar aspect angles 30 to 140 deg

CONCLUSIONS

A three-dimensional (3D) printed solar sensor was developed, which is inexpensive to
produce and easy to assemble. The sensor incorporates light-trapping ridge features printed directly
into the housing, which previously needed to be machined into the sensor body. The sensor was
fabricated in both metal and plastic. The sensor has a smaller field of view, and a wider pulse width
than the current state-of-the-art U.S. Army Research Laboratory solar light indicating transducer
solar sensor due to the lack of internal light reflectors and a wider aperture width. The performance
of the 3D-printed solar sensors is still well suited for use in aeroballistics characterization of new
projectile airframes. This design will enhance the instrumentation capability of future U.S. Army
precision munitions programs by making solar sensors for yawsondes easier to produce and at a
lower cost.
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