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ABSTRACT

RossHime Designs, Ingoresens the results of itsesearcland developmarof i L ow Co-4Veight i g ht
Seeker Gimbalé T h e S u meateri@edadgimbal design, offerssaiveling yoke design lower in cost
than current gimbal desigrand weighng significantly less than traditional gimbal systewtsile enabling a
doubing of hes e ns or 6 s . Fhe swivalicggokadesiga has btiittshock and vibration isolation by virtue
of a bulkhead mounted desighatpromises to be more rugged than all of its predecessgntotype electronic
controller and software tdrive the wrist for testing purposess developedrests confirmed the Seeker met the
repeatability and trackingequirements in all but the first repeat, wheredfiset was less than 2 mrad. We are
continuing to investigate this anomalyll other reats had errors less than 1 mrddhe environmental vibration
and classic functional shot&stresultsshowedthat the Super Seeker meets the requirements of the Phase |l
Environmental Vibratiorand ShocKrest Requirements of the missile contract.

Anticipated benefitsThe Super Seeker witlrove widely adaptable to multiple applications including
sensor pointing for missiles, aircraft, and ships. Commercial applications include antenna pointing on any moving
platform incl udi n gpriyate planssKey @ords:r Gimbals, ginkb¥l,joint, seeker, robot,
pointer, seeker gimbals, radar, lidar, seeker gimbal.
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1. INTRODUCTION

RossHime Designs, Inc. Minneapolis, Minnesota (RHi2s completeérmy Phasd andll SBIR
contracts forsubtojic A06-1 97, TI TLE: ALi ght wei g h tThe resulting StperSéeker See k er
(Figure 1and 3 is lighter inweight and more compact than previous designs and increases the sensor surface area
by more than 200 percenin addition, the sensor mde circular rather than octagonal, further reducing cost. A
significant benefit of the design is that it is more compact and allows larger diameter sensors to be placed within it.

This papebegins with a discussion of the project background and efahe art in gimbal technology.
This isfollowed by a description of the Super Seeker desR@peatability, Bock and vibration testlata and
results conclude thpaper
2. BACKGROUND

I n the present SBI R, the Ahweghd low apdi, precisibniseekergimbal t o A d
assembly that can operate in environments inducing higl
stated need was for precision seeker gimbal assemblies providing significant improvement imimziopeiration
in the high stress environments of precision attack missiles. These stress levels have caused missile designers to add
supporting structures and isolators to minimize stress
to the missile. The current SBIR program investigated designs for better seeker gimbal assemblies to allow
guidance section stability in high stress environments without adding mechanical structures.

Many uses of mechanical gimbals require a highlyipegiout limited range of motion for gimbals, which
provide direction for the pointing of objects, such as sensors, mounted to them. In the past, pointing gimbals have
used a gimbal ring arrangement driven by a pair of motors, the use of which requiiteld fAéring and/or slip
rings to supply electrical power to the sensor, and to provide position and rate information to at least one of the drive
motors. The use of these slip rings or wires often resulted in reliability problems owing to mechanical wear
corrosion, and other environmental factors.

In airborne systems such as missiles, it is highly advantageous for gimbals used for sensor pointing to be
very compact. Not only must such manipulators be mechanically compact, but also they must redhgulat
attached sensor within a very compact workspace. The geometry required by the aerodynamic performance
specifications of the missile nose cone makes it critical to limit sensor motion. For example, the nose cone may
incorporate a hemispherical tra@sent lens that requires the sensor motion to track the geometry of the interior
surface of the lens at a constant distance while maintaining the sensor pointing or sensing axis in directions normal
to that surface.

Another performance requirememss that the attached sensor or other object be isolated from shock and
vibration, which is always present when a missile in which a sensor is mounted on a manipulator is handled, carried
on a moving platform, or propelled in flight. Elaborate and costly sieare been designed for gimimabunted
sensors to isolate them from shock and vibration transmitted by the gimbals. However, these have added to the cost
and complexity of the device. Thus, there is a need for an improved pointing mechanical gintiallye fpeuse
with precise directional sensors.

Presentlythree forms of gimbal pointing systems dominate the ground, air, andispseg marketS.he
firstoftheseisbi | 't by Southern Research I nstitutueMisdlé r mi ngham,
Technology Intgration (FMTI) program Theyhave upgraded thdassic gimba nestedring architecturgFigure
3) by utilizing graphite carbon epoxy composites and further improvements in electronic components such as
gyros, motors, servo iers andoower amplifiers [1. However, the fundamental mechanical gimbal design
represents no advancement in basic structural design and kinematics. It is simply an upgrade@ayig aif
motion is limited tat4(° elevation and-30° azimuth. Complex we schemes are need to transmit power and
position information tdhe inner gimbal motor whichmoves in threelimensional space.

The second iMoog Inc.'s "Biaxial Drive," also known as an azimuth andagiewn or yawpitch type drive
[2] . Mo o gcbrepregentoadather common design (Figideft), andis composed of two harmonic drives
powered by DC motors with redundant windings and electronics. Wiring for electronics, motors, and sensors are



integrated within the structure. The simple mechdmieaign is very stiff and rugged. Although compact and

precise, within limits, this design has a singularity (it jams) when the antenna is pointed straight up. Yaw becomes
roll and the resultant singularity degrades precision and complicates contras paiticularly evident when

tracking high speed objects or in the case of vehicle pointing systems in which the vehicle is pitching and yawing
due to rough terrain.

Thethird most common sensor pointing system is represented by the "APS," manufagttired
Honeywell Space Systems Group (Figdren right).However, it is unsuitable for manipulating sensors onboard a
missile because of its bulkwo perpendicularly mounted actuators produce’ bipitch and yaw independently.
Singularity is mitigatedvhen the antenna is pointing straight up because of the perpendicaefgatoin of the two
actuators [B However, singularity, or gimbal lock, occurs when the pointing system attempts to move in
circumduction (a combination of pitch and yaw motionthatextremes of its range of motion. The Honeywell
design lacks stiffness because the orientation of the joints necessitates longer lever arms that could cause deflection
under high inertia loading. It Blso heavier than other gimbalse to the largerraount of metallic structure. Two
harmonic drives with redundant motor windings and electronics power the system. Complex flexible cables (a major
design problem) are found in both the Moog Inc. and Honeywell designs. The Southern Research design lacks full
horizonto-horizon tracking ability. Also, it requires complex wire harnesses, or rotary joints to transmit power and
control to the inner gimbal actuatdr.myriad of drivetrain, actuator, and combinations has dotted the design
landscape and will no dbticontinue ad infinitunj4,5,q.

Since 1987, RHD has designed and built a number of successful gimbal systems for the robotic industry
that eliminate rotary joints. Typically, RHD designs have been used in applications where dexterity is required to
follow a complex contour path, such as in spray finishing, manipulation, and microsurgery. Over 1,000r3tnni
systems have been used for antenna pointing in KVH (Providence, Rhode Istar@)Th o n e -b8s@E s e a
communications systems. These applications represent an industry breakthrough for low cost and high performance.

RossHime Designs previously developed Onwirist 11l (Omni-Directional Sensor Mount), an earlier
version ofthe OmniWrist IV under Phase | and Phase Il SBIR contracts for the Ballistic Missile Defense
Organization (BMDO), now known as the Missile Defense Agency (MDA). Pure, singtfi@gtyeircumduction
(unimpeded rotation and revolution within the work eopel) about its extreme range of motion was made possible
via its unique, double universal joint desigfigure5). However, its disadvantages were weight, complexity, and
cog because expensive, preloadegavy metal components were usédlower profileversion the Omnivrist IV
is currentlyunderdevelopment for USAF, AFMC Air Force Research Laboratory, Rdde& York.

RHD has patented a unique, innovative seeker gimbal design that, leveraging previous Phase | and Phase Il
Omni-Directional Sensor Mant designs, uses fewer components and a simplified drive train. The chief new
features othe Super Seekarre its innovative low profile and simplicity (fewer parts), which result in ruggedness
and reliability. This design also boasts greater rangeodion about a single common certtesnpast seeker
gimbals,without singularities or gimbal lock. Figueshows the new Super Seelsebasic kinematics and range of
motion.A Super Seeker video may Htg/wwiantiwebdt.comdemdnstratinggts t hor 6 s
range of motion and trackingOnly two motors, one for azimutind one dr elevation, drive the Seekier Azimuth
and Elevation. Double preloaded bearings connect the yoke to thbhdadk Additional bearings mounted in the
yoke tines support theeeker

One important defining characteristic®fH D érgire series of gimbals the independence of sens
diameter relative to gimbaliameter. No longer is sensor diameter constrdiyeithe inner gimbal clearance with
the outer gimbal rig. Now, the sensor diameter can approachftiieoutside diameter of the missil€he Army
specificationadjacent to our results shown in Tabld below
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3. PHASE Il RESULTS

As shown n Figuresl-2 RossHime Designs, Inchas developed a newaXis gimbal that has a through
hole instead of slip rings for cable harnessBmnsfer of power and data to the sensor from the base of the gimbal is
accomplished by a simple wire harness that may begethor updated to fit the requirement or specific need.
Cryogenic tubes, ca x i a | cables, and motor and resolver wires may
advantage of the new design is that with slip rings, all of these tubes, wires\desl required an appreciable
amount of hand labor to assembielalso represented a variabdsulting in inconsistent quality and thereby
affecting reliability. Another advantage of the new design is a major reduction in seeker gimbal weight, achieved
through the simplified gimbal structure.

Traditional gimbals support their payloads via two points connected to the missiléRiglise 7).
Unfortunately, this method is ideal for transmitting damaging shock and vibration from the missile wals to th
seekersensors. The new Super Seeker giniBajure8) supports the payload via a pair of preloaded bearings
pressed into the bulkhead. A cantilevered yoke attached to the output of these bearings support the seeker. A pair of
bearings in the tines diie yokepivot while supporing the seekermpermitting + -35 degrees rotationThis isolates
the sensors from shock and vibration transmitted by the missile walls.

A motor mounted in the bulkhead drives the Super Seeker for Azimuth and a second ourtt@dm
partially on the seeker and the yoke diitvior Elevation. A resolver mounted on the opposite yoke tine provides
Elevation position information. Azimuth position information is provided by a resolver mounted above the Azimuth
motor secured by thgoke.

One of thdfinestattributes of this design its ability to emulate the kinematics of traditional, nested ring
gimbals(i.e. rotation about a single cerqauint). The Super Seeker tracks the inner surface of the hemispherical
nosecone lensvhile maintaining a constant distantmg means o& unique kinematics and structural design utilizing
a skew axis yokéFigure 9). Several patents have been filadd initial search reports.S. Patent and Trademarks
Office indicate the innovation and onmlity of thisdesign 7,8,9.

4. TEST RESULTS FOR THE SUPER SEEKER

Due to the lack of availability of specialized flight rat@dtors a second Super Seeker was built with
altemative drive trainutilizing conventional oftthe-shelf servo motors withatical encodersThe alternative drive
train gives basic proof of concept data for repeatapdijfgedand trackingtherebyproving the basic hardware
design and software. This had the advantage of usifp@#helf controllers, motors, ansh@dersTheunit built
for shock and vibration testingilizes flight-ratedmotorsmockupsand stateof-the-art resolversdoy Tamagawa
Seiki Co. Ltd. Smartsyn resolvers.

4.1 Repeatability Testing

The device must accurately move between sets of coordirBbasis,when commanded to move from
Coordinate | to Coordinate Il and back, it must repeatedly land on Coordinate | and Coordinate Il.

4.2 Tracking

When commanded to move from Coordinate | to Coordinate Il to another, the device must execute a
compound mo& (commanding both axes simultaneously) which tracks a straight line on the inside of an imaginary
globe surrounding the device with the center of the globe being the centers of the axes ofAmadien.may be
viewed demonstrating the Super Seeker i@ straight line with a laser fattp://www.anthrobot.com/
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4.3 Test Procedure

The Seeker was mounted on a Celestron heavy duty ffipgdre ). A laser pointer was attached to the
device and a test ge&t, Figure 11, was used to mark the laser pointer location after a move was made. The test
target was located 19 feet 4 inches (232 inches) from the Seeker and had concentric circles with 0.1 inch spacing.

The first series of testgasdesigned to detarine the pointing repeatability for various Azimuth and
Elevation points. The starting point was the home position (0, 0). Figwsieows the first result. Starting at the
home positionthe Seeker was jogged to the center of the test target. Thésgonded to the point Az = 29.37
degrees and El = 28.17 degrees. The location of the laser beam was marked on the test target and the Seeker was
returned to the home position. The Seeker was then instructed to return to (29.37, 28.17) and the bramdscat
again marked. This test procedure was repeated three additional times with the beam locations marked on the test
target. Figurd2 shows the results. There was about a half inch location difference between the first position and
the second repeehowever, all subsequent repeats were withirnirch of the second repeaT he firstoffset was
equivalent to 0.45/232 = 1.94 milliradians or 400.11 arcsec, but the next three repeats were only 0.1/232 = 0.43
mrad or 88.69 arcsec. This first repedsef was consistent throughout the repeatability experiments. When these
experiments were concludgtie controller was returned to the manufacturer to see if the problem could be
identified. At presento definitive solution has been identified, bug thvestigation continues.

Table2 shows the results of the repeatability experiments. The various points were chosen to get a
representation of the different Seeker motions and the tripod was moved to accommodate the various motions.
Three repeated mons from home to the desired point were used for each test. The Seeker velocity was set at 1
degree/sec.

4.4 Tracking Test

The tests related to tracking accuracy consisted of jogging the laser beam to two different points, then
commanding the Seekeomtroller to move the beam between these two points while observing the path of the
beam. The goal of course was to generate a straight line between the two points.

The edge of a doorway millwork molding was chosen for the straight edge. Two paiat§ab feet
apart were selected. The Seeker was commanded to move back and forth between the two points while the
straightness of the line was obserniit the authos websitehttp://www.anthrobot.contb see a demonstration of
this tracking.

The first test of the tracking accuracy showed an arc was generated instead of a straight line. There was
approximately awo-inch variation between the desired straight line and the actual arc that was gengnated.
controller was returned to the manufacturer for analysis and correction. The calibration values were found to be in
error. They found that the actual Seeker movement was a couple of degrees different than what the controller
indicated. After a simpladjustment of the calibration valyédse Seeker was retested. This time a straight line was
observed. The edge formed by the wall and ceiling was chosen next for the tracking test. This edge was
approximately 16.5 feet away and the distance betweimtspvas approximately 14 feet. Agaihe controller
moved the beam between the end points while the path was observed. Within the accuracy of the laser beam width
the beam followed the edge perfectly.

4.5Shock and Vibration Testing

As part of theRHD Phase Il effort RHD subcontractBAE Systems U.S.C.S. Fridleéy provide
environmental test services to support performance, durability, and reliability (PDR) evaluation of thér®ss
Designs/Jnc. gimbal approach in anticipatexissileoperationabnd life cycle environments. One environment that
will have significant PDR impact is vibration.

The purpose of shock and vibration testing is to duplicate the most severe vibration profiles that the missile
seeker head will likely experience during tee carry flight.
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4.6 Vibration Testing

Thevibrationprofile was determined by referencing MBTD-810F. The most severe vibratian i
experienced on the Jet Fighter Aircrgfiatform. The Vibrationtest was conducted on February 10, 2010. The test
chronology appears in Tab® A total of nine test events were conducted, ranging in duration from 5 minutes to 3
hours 7 minutes.

4.7 Captive Carry Vibration

As shown in Table 3he seeker headlas exposed to the standard Jet Fighter Aircvddtation profile
(Figure 13 for five minutes, before and after the three hour and seven minutes acceleratedmgofite 14, on
all three axegFigures 5-17). The purpose of this sequence was to veri
subjectedo the accelerated vibration profile, and to determine if bearing degradation had occurred after the
accelerated life cycle vibration profiles.

The intent of this test was to determine a pass/no pass result for the gimbal head displacement after the
envronmental test was complete The displacement measurement was peljormedafter the environmental test.
Initial gimbal head displacements were not measured. Power spectral density profiles of the response accelerometer
were used to gauge the gerdraaring condition before and after the environmental vibration préfigires 18
23.

Upon completion of all three axes, there were no visible or audible signs of gimbal bearing degradation.
After completion of the first axis (accelerateebXis), thegimbal head plating under the Teflon pad began to show
slight degradation and flakin@igure 24. Visibly, the plating wear did not appear to progress after completing the
first axis of accelerated vibration.

According to the response accelerometaghér resonance occurred in all axes at specific frequencies
(Table 4) There was also a frequency shift in the Z axis to a lower frequency. This implies that bearing
degradation occurred over the course of the test, but a quantifiable displacemenichanhgkentified. Table 6
lists equipment and instrumentation and table 7 provides the acceleration profiles.

4.8Displacement Sensor Time History

A Philtec fiber optic displacement transdugiigure 25 was used to measure linear displacement katwe
t he Seeker ho urke fallayingtime histoty dasa fob emch exis show ten second portions of data;
capturing the highest displacements encountered during the five minute po$titestss 2628). Each axis
encountered the highest diapémentsat different points in time; thse illustrate the worst case for each axis.
Positive displacement represents an increased distance between the seeker hdbahgratl Tdisplacement units
are inmils (.001 inch) Figure B displays the Seekangular displacement with respect to linear displacement.

4.9 Data Analysis

According to the response accelerometer, higher resonance occurred in all axes at specific fsequencie
There was also a frequenskift in the Z axis to a lower frequency. i$hmplies that bearing degradation occurred
over the course of the test, but a quantifiable displacement change is not id€h&ifiexl.

The fiber opticdisplacement transducereasured post test displacements of each(Bigsire 25.
Analyzing al the data from the post test vibration checks, the greatesttpgaak displacements were noted. A
ten second time history was taken, containing these peaks, are shown inZ&8esTable5 defines the
maximum peako-peak times and displacemertiwes.



4.10ShockTesting

The purpose of the shock test is to duplicate rare shock events that the seeker head will likely experience
during functional service. The selected profile was determined by referencin@ MM#810F, Functional Classic
Shack for Flight EquipmentShock testing was conducted Babruary 25, 2010 and consisted of nine events
ranging in duration from 3 pulses to 5 minutes (T&)leEquipment and instrumentation used for the shock test is
given in Table 9.

4.11Shock Test $ipport

The Seeker head was exposed to three shock pulses in the positive and negative directions of each axis
using a classic shock puls&he classic shock pulse was a standard terminat@ativ of 15 millisecond duration
and 20G6s of n(piguelB). igur 81 skowsthZiAgis Positive Shock, 3Pulse.

Following the shock pulses, a faveinute standardet Fighter Aircraftaptive carry profile was run on
each axis. The purpose of the 5 minutes post shock vibration profiles detetmine the gimbal head
displacementand general performance after the accumulated shock darrigee 32 show the-Axis
Displacement Time History.

The intent of this test was to determine a pass/no pass result for the gimbal head displatamtiest af
environmental functional classic shock test was complete. The displacement measurements were done after the
shock test only. Power spectral density profiles of the response accelerometer were used to gauge the general
bearing condition after bajsubjected to the mechanical shock. The gimbal head direct displacement
measurements are the most critical measurements to determine gimbal performance.

Upon completion of the six shock directions, there were no visible or audible signs of gimbaj bearin
degradation when static, and during the captive carry vibration profile.

The Fiber Optic Displacement Sensor measuredtpsstlisplacements of each axis. Analyzing all the
data from the post shock vibration checks, the greatesttpgaak displaceents were noted. An8econd time
history was taken containing these peaks; they are shown in the above time history graphs for edahlaki3.
defines the maximum pedk-peak times and displacement valu&he displacement values were significgntl
reduced which we attribute to stress relief of the yoke caused by the shock test.

The most critical measurement and derivation is the angular displacement of the seeker head using the
linear measurement at the fiber op#mnsor location. Figure 2®ows the seeker head angular displacement with
respect to the linear displacement measured.

4.12Conclusion

The application of revolutionary concepts in loast gimbal technology actuators and kinematics has
resulted in a powerful platform for preciaad accurate positioning of sensors in the air and on the ground, or with
any applications in which continuous, real time tracking capabilities are reqéiredver 200 percent increase of
sensor surface area over traditional gimbal systems has beeweach

Tests confirmed the operation of the Seeker met the design requirements for repeatability and tracking.
The only glitch was an offset that was observed when the first repeat was attempted. This offset was less than 2
mrad but its cause is stilhknown. All other repeats had errors less than 1 nifhe. environmental vibration test
performed shows that the Super Seeker meets the requirements of the Phase Il Environmental Vibration Test
Requirements of the missile contract. The Classic Fundti®imack test performed, meets the requirements of the
Phase Il Environmental Shock Test Requirements ob#ekeicontract. A five minute post test peak displacement
yielded 3.48nrad displacement of the Super Seeker. This met our pointing accuracgfdesd than 4nad.
Weight saungs are significant by utilizing the new architecture over the old.
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Figure 1. Super Seeker: Front View Figure 2. Super Seeker: Rear View

Figure 3. Southern Researckimbal
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Figures4Moog I nc. 6s Biaxi al Drive

(left) and Honeywel

Figure 5. OmniWrist Il



Figure 7. Old Style Gimbal: Figure 8.New Style Gimbal: Note Increased
Note Diameter of Seeker Diameter of Seeker



Figure 9. Super Seeker Tracking Nosecone Lens

Figure 10.Super Seeker on Test Stand With Controller and Computer
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Figure 14. Accelerated Captive Carry Vibration Profile

Figure 15. Y-axis configuration



Figure 16.X-axis configuration

Figure 17.Z-Axis Configuration
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Figure 25. Fiber Optic Displacement Sensor



X Axis Post Test
T T T T T T T T T T T
B s s S e R A e S S S S B S S S S S B S A S S e S S T S S S S SRR o -
B e s S L B B S s S i ) e S D R B B S S O B i G S B s S e B B B S S SR I S S suss —]
4

0
.é’
20
-4
6
O L oo im0 oo o o o -
B 1 ] T T R T e —
1 1 | 1 1 1 | 1 1 1 |
60 61 62 63 64 65 66 67 68 69 70
Time, Seconds
Figure 26. X-Axis Displacement Time History
Y Axis Post Test
T T T T T T T

10

mils

| | I 1 1 1 1 |
261 262 253 254 25 256 257 258 259
Time, Seconds
Figure 27. Y-Axis Displacement Time History



mils

Z Axis Post Test

R Y A

||,|| T T a! (1 l I.‘ | |”]H L] H|I I .J[ ‘lJ I Iy ‘

Time, Seconds

Figure 28.Z-Axis Displacement Time History
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Figure 29. Seeker Angular Displacement With Respect To Linear Dispiaoe
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Figure 30.Flight Equipment Functional Shock Profile



Figure 31.Z-Axis Positive Shock, 8 Pulse

Figure 32. Z-Axis Displacement Vibration Time History



