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Abstract

This paper reviews the properties which inherelnthyt the image quality of a gimbal mounted
optical imaging system. It further describes havage quality is degraded by external
influences, particularly vibration, in the suppodivehicle.

The primary emphasis is to quantify, through phgisieincipals, and verify, through
experimental demonstration, the degree of statamioa required to minimize the detrimental
effects of external vibration to an acceptable llevide effects of dynamic balancing will also be
discussed.

The principles developed for visible light optisgistems carried by an Unmanned Air Vehicle
(UAV) will be expanded, in a general way, to delserhow these principles apply to infra red,
ultra violet, and radar systems as well as vamatio the requirements as a function of the
vehicle on which they are mounted. This discussidhinclude manned aircraft, missiles, land
vehicles and watercraft.

1.0 History

Gimbaled sensor assemblies are found in all typagiworne vehicles including missiles,
manned and unmanned fixed wing craft, manned anthaned rotary wing craft, surveillance
pods, etc. Their use not only includes the traddl visible, IR, and RF sensors, but they are
also used in all types of new sensor technologieh as laser designators, laser 3-D ranging and
spectrum analysis, and for directing high energgpoas toward their targets. The platforms on
which the sensors are mounted provide the mechdoissteering the lenses, mirrors, antennas,
or other MEMS devices. A wide-ranging variety ahfaled platforms are in use today to meet
the steering needs of the sensor assemblies aind¢hécles. Some examples include:
- Two-axis single plane (two co-planer pivot axest intersect at a right angle)
- Two-axis, non-single plane (two pivot axes notlo® same plane)
- Two-axis with “look down” (one pivot assembly raentered in ‘null’ position)
- Two-axis + sub-assembly (at least one pivot agigtains more than one mass that acts
independently)
- Roll-axis or Roll/Nod gimbal (one axis is paralie flight line)
- Multiple pivot-axis gimbal (course positioningsasnblies carrying lighter and faster fine
positioning assemblies)

Through the years we have worked with system iategs to address the need to balance
gimbals in order to overcome the brute forces aatet with launch and maneuvering
accelerations experienced by gimbals during théssions (fig. 1).
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Figure 1.

At the onset, machines were developed to achieve the levellahba required to
enable a missile to maintain lock on its targek tie performance levels increased, and the
sensor platforms increased in sophistication, machines evolved to meet the ever
increasing performance demands. As time movediorhaled assemblies found their way into
an increasing number of other applications. Thexiiec needs of these new applications were
similar to the requirements of early missiles bad their own nuances. Soon

machines were found crucial in helping these o#pglications meet their respective goals. As
before, increasing system performance demanddelictaat the balance tolerance grow tighter.
This trend continues today; old applications camgito “push the envelope” and require higher
levels of balance, and new applications “discoygmibal balancing as a solution to problems
encountered as they “push the envelope.”

Today, one of the main areas of concern for a Bygtéegrator is that of sensor performance.
Various electromagnetic sensors are regularly osegimbaled platforms. Each year the sensor
manufacturers respond to customer demands andogesehsors with higher and higher
resolutions. Unlike the early years where simphintaining target lock was the primary
concern, now it is mandatory that the platform st@ple enough to make full use of the
increased resolution.

Anyone who has taken photographs or digital careiashots understands that camera-shake
can degrade the quality of the picture or imagke problem is made worse when low light
conditions require that the shutter, whether meicaor electrical, needs to stay open longer to
allow enough light flux into the camera to recdnd scene. A photographer standing on a stable
floor solves this problem by mounting the cameraanpod and using a remote cable trigger to
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initiate the exposure. Cameras or sensor suitestad on gimbaled assemblies are subject to
many modes of acceleration. Some are intendedode@neuvering, some are periodic
vibrations from engines, transmissions, etc., amdesare random vibrations from the nearby
structure interacting with its operational envira@mh No matter what the combination, the
accelerations as seen by the gimbal will act upenQG of the moving mass producing torque
about the axes if the gimbal is not precisely bedaln

To better understand the effects of external acagbms on an unbalanced gimbal mounted
sensor, we first look at optical resolution theory.

2.0 Optical Resolution

In a simplified optical imaging system, system teson is largely defined by the resolution of
the optics, and the resolution of the focal plamaya(FPA). The basic limiting factor in
resolution can be either the optics or the semsdrpth. In the following cases we will assume
that a single objective lens is projecting an imdgectly onto the FPA. We will consider, for
now, that we are working with a single wavelengthight. To start, recognize that the imaging
system can be over-sampled or under-sampled. dve@nsampled configuration, the quality of
the optical components limits the resolution. mnuader-sampled configuration, the FPA plays
the dominant role in resolution limiting. Let’'sdt consider an over-sampled configuration
where the optics, play the major role in deterngniesolution. Simply put, resolving power,
measured in arc-seconds, of a properly shapeddatetermined by its diameter.

Taking a cue from astronomy, we will use point segr(stars) to demonstrate the phenomena.
Light does not enter a lens as straight line, ieenas a wave. The wave like property causes
light from different parts of the lens to alterdgtaugment and interfere with each other. This
creates a series of concentric light/dark diffr@ctiings at the focus. The resultant diffraction
pattern is called the Airy Disk after George Airhevdiscovered the phenomena. The apparent
diameter of the Airy Disk is directly proportional the diameter of the objective. Larger
objectives produce smaller theoretical disk sidédste that the wavelength of light plays a
significant role in determining disk size with tlemger wavelengths yielding larger disk sizes
than shorter wavelengths.

When the light from two closely separated stargmsithe system, the two Airy disks formed
will also be close together. In a small objecsystem with large Airy disks, the two will appear
as fussy and merged. In a large objective sydtensmaller, sharper disks will be presented
with clear separation between them. Another astrar, William Dawes empirically
determined the ability to resolve two distinct geias roughly equal to 115.8 divided by the
objective’s diameter in mm. This is known as Daviésit. Dawes, being a man of his times
(mid-1800’s), used strictly visual interpretatidnsdetermine resolving power in real-time; he
did not have the benefit of CCD imaging technolagg post processing methods. Later on,
Lord Rayleigh further quantified the same obseoratvith a formula that states that a resolved
condition is observed when the peaks of the twy Bisks are separated by the FWHM (full
width at half maximum intensity) radius of one bétcentral Airy Disks.



Dawes example: resolving power for a 254mm lenyl@®gh method yields similar results):

Resolving = 115.8/D mm

Where-

Resolving = resolving resolution in arc seconds
D = mirror diameter in mm

115.8 / 254 = .456 arc-seconds

Figure 2.

With the simplified determination of theoreticaltimal resolution, we now turn our attention to
sensor resolution and sampling. A typical CCD isaal plane array where the active sensor
surface is divided into individual sensor elemearaied pixels. The resolution - or number of
pixels - is typically expressed in both horizordatl vertical dimensions. The physical
dimensions of the individual pixels can be used@lwith system focal length to determine the
image scale quantified in arc-seconds per pixel.

Example: a CCD has square pixels that are 5.6 msgper side and the focal length of the lens is
8108 mm.

| = (206) PIF



Where-
| is image scale in arc seconds per pixel
p is pixel size in microns
f is the effective focal length in mm

(206) 5.6 / 8108 = .142 arc-seconds per pixel
Alternatively, a second method can be used tohgesame information.

An imaging system covers a known field of view mgasd in arc-seconds, which is determined
by the distance between the objective and poifd@afs. This distance is the focal length of the
system. If the FOV is divided by the number ofgésxin a horizontal row, the horizontal
resolution in arc-seconds per pixel can be caledlaSimilarly, the same holds true for the
vertical direction.

Since we already calculated the arc-second regppanver of the optics for specific
wavelengths, and we know the arc-second resoluafidime sensor coupled to the optics, we now
know which of the two may be the limiting factordetermining resolution... almost!

Nyquist established a theory that addressed diggtalpling of analog signals. He determined
that in order to sample and represent an analogbkigithfully, the sample frequency needed to
be twice that of the analog signal. Although nagioally developed for electronic imaging, the
Nyquist Theorem holds up generally well for ourgases. To apply Nyquist to sensor
resolution, we will first recognize the optical oagtion and say that the sensor must have twice
the resolution of the optics in order to prevemt slensor from becoming the limiting factor, or to
say: every element of optical resolution is samiedwo pixels or at twice the frequency. If

the Nyquist criteria is satisfied and sensor resmhus twice that of optics, the system is said to
be critically sampled. If the ratio is more tharof the system is said to be over-sampled. Less
than two, it's under-sampled.

In our example we now know that our optical resoluis .456 arc-seconds and our sensor
resolution related image scale is .142 arc-secpadgpixel. We now can test for Nyquist
compliance.

Example:
Sample=S/0
Where-
Sampleis Sampling Ratio
Sis the senor image scale
O is the optical resolving power

456 /.142 = 3.2



In this case the system is moderately over-sangoedhe simple limiting factor of the system is
identified as the optical resolution. In real-timleservation and processing little is gained by
severe over-sampling, although given heavy comaa@mpost processing of data, resolution
gains are available.

Next, we will look at an under-sampled system.’d.stduce both the diameter of the objective
and the focal length of the system, but keep th® @@ same.

Consider an 80mm objective at 240 mm focal length.

Resolving = 115.8/D mm
115.8 /80 = 1.45 arc-seconds

Image scale = (206) P/F
(206) 5.6 / 240 = 7.7 arc-seconds per pixel

Sampling Ratio=S /0O
1.45/7.7 =0.19 sampling ratio

In this new example, the system is under-samplédfanobvious limitation is sensor resolution.
Each example, whether the system is over-sampladder-sampled, has its place. The over-
sampled configuration is characterized by generatijh magnification and a narrow field of
view. Under-sampled systems are typical of wiéedfimaging and detection applications.

Figure 3. Pixel Grid with Various Examples of Sampghg

It is now fairly simple to identify which part ofi¢ ideal system limits resolution, and how to
approximate its effect. Using high spatial frequyepoint sources, such as stars, gives us an
example which is an easy to picture, to outlinelthsics. In the real world things are never that
simple. Most of the applications we concern owmesgwith are not equated with the separation



of close star pairings, but are the detection dedtification of lower contrast objects of interest
We are going from the above examples based mamgpatial separation to one more based on
contrast criteria. The task often becomes onasaedning the middle and lower spatial
frequencies where we are interested in recognizaiterns and shapes.

Modular Transfer Function (MTF) is an amplitude dom scientific means used to characterize
a system’s ability to faithfully reproduce the seerThe function properly explores the
relationship between resolution and contrast. fe&ctro-optical design element in a system
undesirably serves to filter out the higher spdteduencies. The low frequencies get through
with high contrast, and high frequencies get atsa with low contrast. An MTF
demonstration image and sample curve is shown belaw simplicity of demonstration, we
have used square wave bar patterns as opposesl itwotie proper sine wave patterns.

Figure 4.

The top half of the above image represents theesbbeimg imaged, a perfect image if you will.
The bottom half represents the degraded resutteoinhaging process as displayed to the user.
Notice how all contrast is lost in the right-hamdiesof the lower half. Typically, this MTF loss
is the result of optical resolution, imager resiolnt focus, jitter, or transmission loses, or any
combination of them.
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Figure 5. MTF plot of Contrast Ratio verses Frequeny of line pairs at the image plane

Although the relationship between resolution aondtast is clearly shown, be aware that the
systematic limits of detectability are still somewklependant on observer or algorithm. The
cutoff frequency does not strictly limit you frorasolving details beyond the limits; it simply
prevents the accurate representation of them. tReless, the distorted higher frequency spatial
data can be useful in detection or possibly redagni All this points out why the earlier
examples given are not exactly compatible withgnals. However, the principals previously
described are still the same and offer a reasoredplectation of performance in many real-time
systems.

Before moving on, it is appropriate to briefly diss a few selected issues although the topic is
not limited to those presented in this paragrapb.far, our explanation has narrowly focused on
a simple, theoretically perfect, single wavelengihgle lens systems. Of course, this is never
the case. Mirrors and lenses are subject to d@imarations, shape-figure errors, chromic
aberrations, and so forth. In practice almoskealtes are multiple element assemblies that can
compensate for some of the issues but cause amld$BEF. In some cases, as we will later find
out, the losses in the lens assembly can dominaesystem where the simple lens model
theoretically predicts that the sensor will be lthreting factor. Atmospheric scintillation,

caused by varying density cells of air moving tlglothe atmosphere between the sensor and the
object of interest, has its own adverse effect arFMOptical, mechanical, electronic, and
environmental factors all add up to degrade theltre$§Vhile considering the mechanical, we

will now turn our attention to gimbal jitter.

Jitter is multimodal, undesired, random motion vataussian distribution. Of principal
concern are the three axes of angular rotatiore other modes of orthogonal translation are not
as much of a concern. The angular functions reptasauch more of a problem. This is
discussed in later sections.
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Jitter can cause smear in the image dependingeoexjhosure time, sensor readout modes, the
frequency of jitter and its magnitude. A reasopapproximation says that when jitter causes an
image to shift less than 20%, the image will ordynharginally impacted. Above 20% will
degrade MTF. As with all the aforementioned fagtgitter always exists and can either be
rendered negligible, or it can easily be the domiifactor in limiting resolution. How is this
known? Let’s go back to our second of two exampila® above.

Consider the 80 mm lens and camera. We have gldEszided that the limiting resolution is
determined by the sensor limits. In this case @aal “sees” 7.7 arc-seconds of field. Jitter is
guantified in radians so we need to bring theseti‘ same units. Roughly, there are 4.85
micro-radians per arc-second. This means thamio potential image smear to one pixel
displacement, the system needs to be held stakie tollowing.

7.7 * 4.85 = 37.45 micro radians

Using the 20% rule, the stability should be helte&s than 7.5 micro radians. For over-sampled
systems where the optics play the major role ier@ning resolution, it becomes a question of
determining when Nyquist is no longer satisfied tuthe decreasing MTF.

Obviously amplitude of jitter plays a role. Theduency of the jitter and the exposure time of
the image also come into play. If the frequencthefijitter is very low, the magnitude very
small, and the exposure time is very short, theesywill freeze the motion without significant
smear. Pushing the variables in the other direaiways increases the likelihood that smear
will corrupt the image.

To further explore this relationship please view thart below.

Amplitude | Frequency | Exposure Smear
none none fast no
none none slow no

low slow fast no

low slow slow some
low fast fast some
low fast slow yes
high slow fast some
high slow slow yes
high fast fast es
high fast slow h

A pseudo-equation to express these relationshipgddook like this.
Image Stability = Force * Unbalance * StiffnessResolution * Time

Simply put, what matters most is; how much doesrttage “move” within the integration
(exposure) period, and how much does it move betweegration samples?
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3.0 Description of Gimbal Mechanical Assembly

In an attempt to demonstrate the detrimental effetgimbal unbalance on image quality, a
simple single axis gimbal was built. (Refer toufig 6.)

Figure 6.

The gimbal consists of an inner frame to whichrmea is mounted. The gimbal has a vertical
pivot axis. The camera is located so that its maCG is located at the pivot axis of the
gimbal.

The inner gimbal frame is supported by a pair gty preloaded ball bearings on an outer
frame. This frame in turn is fastened to a platéctv rides on a pair of ball slides. Using this
assembly allows us to drive the outer frame indirteanslation with the gimbal inner frame free
to rotate while it is being driven. Since no ertrotational torque is applied to the inner
gimbal frame, any rotation is due to inertial tagguhich can only be imposed by inertial forces
acting through an unbalance on the inner gimbahérar camera.

Springs, magnets, and servo motors were used tdaithe servo drives used in true gimbal
applications to steer and hold a camera or othaging device on a target.

Various holes were incorporated into the inner gampermit mounting ballast weights to

correct initial unbalance. Additional holes wedgled to permit adding known unbalance
masses.
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The driver is an acoustic driver similar to thevdrportion of a sub-woofer. This is linked
rigidly to the ball slide guided plate.

The camera is focused at about 80 feet on a tadgeh is used to evaluate image quality in
optical systems (refer to figure 7). This distaiscquite small relative to the distances
associated with UAV “spy” planes. The reason his s that the lens and camera used in this
exercise were not of sufficiently good quality jpevate at great distances. The exercise was
performed indoors to have control over the testrenment which also limited the available
distances.

For linear camera motion there is negligible imegterioration. This is true regardless of the
direction of the motion. The reason is that fae&r motion the angle subtended by the camera
motion is zero and the actual distance moved isrfaller than that of the dimensions of the
smallest discernable object in the image and isanygdlified by the camera to target distance.

Figure 7.

It can be shown that a well balanced (but neveieptly balanced) gimbal must be driven to
large amplitudes before there is any significatdtronal oscillation.
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However, if the CG of the gimbal is offset from thigot axis perpendicular to the direction of
motion, the camera will oscillate with very smattcgation. Under these conditions, the
rotational angle of the camera will very quicklyesp an angle which, at the target range, will
cover a distance greater than the smallest didulerabject.

By way of example, assume a perfect lens and cawlaich is perfectly balanced. If it is
mounted in a vehicle (i.e. UAV) which imposes a liammplitude vibration on the gimbal, the
gimbal will move (translate) 1mm and its line oftsi will move 1mm at the target distance as
well. This is truaegardless of the target rangef the target dimension is 100 mm, the effective
blur will be only 1% of the target dimension.

If, however, the gimbal is unbalanced, the forcegtmngimbal CG due to the vibration will act
offset from the pivot axis and will impose a torquEhis torque will result in a small angle of
oscillation at the vibration frequency. If we assua target range of 10 Km, an oscillation angle
of only 10 micro radians will result in blur oved@% of the target dimension because this small
angle will sweep an arc of 100 mm at the targegeast 10 Km.

The angle of oscillation is dependent on many facitacluding:
Gimbal mass
Gimbal “stiffness”
Vibration frequency
Gimbal natural frequency
Vibration amplitude
Gimbal unbalance magnitude
Gimbal unbalance angle relative to line of sight
Vibration direction relative to line of sight

4.0 Optical Path, Transmission and Data Paths

The Target mainly consists of an array of vertlzais having logarithmic spacing/width and
sinusoidally varying density over their width witicreasing special frequency (decreasing
width) from left to right. The initial target wasadeled from Norm Koren’s website and was
modified to add a second set of X2 scale barsrticakbar set, a license plate, and an aerial
view photo of eight MiGs parked on the tarmac. bh&om bars were printed to scale valid for
a working distance of 160’. To make better ustheftarget area we elected to decrease the
working distance by half. The numbering represénéspairs per mm (Ip/mm) at the focal
plane. The upper scaling as seen on the imagée oarget is a factor of four too large, and the
original lower scale is now too large by a factbtwo.

A Rainbow Optics CS mount H6X8 Zoom lens is couptethe camera. The focal length can
be varied from 8mm to 48mm. Most of the tests wareat 48mm for a field of view (FOV) of
7.7 degrees. It is manually focused and has damécally adjustable iris. At wide open the
stop is 1.0 but for this exercise it was typicalgpped down considerably to smafistops.
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The iris was used to limit the incoming light fluxorder to suppress the camera’s on-board
digital signal processing (DSP) sharpening algarithhich would otherwise corrupt the data.

The camera is a StellaCam EX from Adirondack Videtronomy. Its main body is a Mintron
12V1 EX using a Sony ICX248AL %2” format CCD. Thaneera allows for manual control of
exposure from 1/12000second up to 2 seconds with manual control ovier. geghe Sony CCD
is from their EX-View HAD product line and offersgh quantum efficiency in a low cost, front
illuminated device. The interline architecturelesigned for consumer video and through on-
board processing provides EIA compatible outpuCatrames per second (fps). Each frame
consists of one odd field and one even field. dlput is monochrome S-video.

A Sony DVMC DA2 S-Video to IEEE1394 (firewire) coenter is used as a frame capture
system. It captures 24-bit color, uncompressedt@gams at 30 fps although the frame rate is
reduced to roughly 25 fps due to processor loatages were captured to a HP laptop running
Windows XP using either COAA’s Astrovideo or Puretidn’s Capture programs.

For normal interlaced video demonstrations, Registdtware was used to co-add frames to
show examples of frame-to-frame motion as they apfmea real-time operator. In other cases,
we wished to address the issue of smear within faae. These examples more favorably
show what a progressive scanned array sees ungdersacconditions. To do this, the video clips
were deinterlaced in Virtual Dub software, throwmg the Even field information while

keeping only the odd field information. In thisyde interlace artifacts are rightfully
eliminated because they are not present in images ffrogressive scanned arrays. A side effect
of this was that vertical resolution was cut infliait the more critical (for our tests) horizontal
resolution remained unchanged. Single frames @eracted from the avi's using AVI2BMP
software. Astro Art was used to obtain the piXet profiles. A program written by Space
Electronics processed the pixel profile data aeated MTF text files which were exported and
charted in Excel.

5.0 Mass Properties Management Techniques

There are several ways to manage, measure, aretttre mass properties of gimbal
assemblies. In general there are several massniexpof interest when working with gimbaled
assemblies.

The first property to control is the static unb@amelative to the rotational axes of the gimbaled
assembly. The lower the existing unbalance, theeratable the gimbal. This places less
demand on any stability control system being wddiz

The second mass property to control is the Proaofulctertia (POI) that exists on the moving
assemblies of the gimbal. The jitter effect is enpronounced in multi-axis gimbals where 2 (or
more) of the axes are mutually perpendicular. ©Oftese axes rotate about each other at high
angular travel rates though often smaller traweit. When the inner or outer axis sweeps from
one position to another, existing POIs on the irmssembly can generate torques on either the
inner axis or outer axis. The generated torquest imelopposed by the axes servo control
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system to maintain its orientation and stabilitiisTcan be true for single axes gimbals (to a
lesser degree) where the vehicle or device the gisbnounted to experiences and high G
maneuvers.

The third property is the Moment of Inertia (MO each of the moving assemblies within the
gimbal about its own axis. There is a trade ofewimanaging the MOI of these assemblies. A
higher MOI will create a higher stability about tieis. However, the larger the MOI the more
torque is required to rotate it, yielding eitheslawer sweeping axis or one that consumes more
power resources to attain the same sweep rates.

There are four methods of managing the mass prepef the gimbal assembly to limit the
impact on the functional stability. Some of theaa be used individually or together.

1. Manage a mass properties model of the gimbaledrdsgeluring the design and
manufacturing. In this technique the engineer igpsea design and assigns
properties with tolerances to each of the sub corapts to be used so that overall
performance will be within acceptable limits. The components are manufactured
to these specifications within very close tolerance

2. Measure sub assemblies and manage (correct) thes properties (or their
placement) to bring the mass properties of theasgembly within the bounds of the
mass properties model based on a mass properh&®lceystem.

3. Measure the complete inner and outer gimbal assesnlior to installation into the
gimbal. The mass properties of these larger ssénalslies are then corrected to be
within the bounds of the mass properties model.

4, Measure and correct the unbalances of the gimsahalslies after final assembly.

Management option 1 requires very tight controlshenmass properties of the parts and is not
practical as a method of control.

During the design of a gimbaled assembly, engineérsnodel these properties in order to
calculate the systems tracking characteristicsdastn the stability control systems.

Often this poses a challenge for the design enginBlee predicted mass properties of these
assemblies are only as good as the relationshipeleetthese models and their real assemblies.
The problems with these models lie in several aasdsted below.

1. Components are often modeled as solid density tshj€bere are few electronic
assemblies that would actually fit this model. E@ecomponent that is a perfect
square can have its CG located some distance freroenter of the square due to
internal mass distribution.

2. The model often uses a model mass for the comp@mehnhot the actual mass
from a sampling of the component. The mass okpaten vary from machining
tolerances, internal sub-component mass variatan pther sources. Itis,
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however critical that all components of significant mass and/or M@\te
specified tolerances on these mass propertiasot lfvendors exercise their
freedom to alter the mass properties provideduhetfonal requirements are not
compromised.

3. If the modeling system being used allows for theyeof actually CG and mass
characteristics of the components, then the issaerbes whether components
being used are being manufactured to these mapsnystandards. If an
assembly is made up of a base plate and a carhereamera must stay within a
know value for its CG location and mass or the rhaglébe of little value in
predicting the unbalances.

4, To compound these problems, component manufactseéem have the
capability to measure any mass properties otherwmeaght. Providing tight
specifications on all mass properties only seredsrtit the suppliers available
and increase cost.

Management option 2 gets past some of the shoringsnm the first system but still falls short
of the needed controls. When sub assemblies assurexl, their mass properties are then
known and can be managed. However, errors in fiveas properties predictions and balance
characteristics are still generated by cumulativeentainty in mounting position tolerances of
these assemblies. Also, the requirement to measutenaintain specific mass properties for
every sub assembly is very costly.

Method 3 performs measurements of the two (or moigpr gimbal assemblies just prior to
mounting them on the bearing frames. Often gimbaksemblies have very low travel angles
once they are installed making CG unbalance measues more difficult and POI
measurement nearly impossible. When measuringgbemblies prior to mounting on the
bearings, they can be measured on a spin baland@mador POI and static unbalance. Mass
can be measured easily. The problem with thisnigcie is that the gimbal will almost always
be missing components (such as signal cables betwmeging assemblies) that are mounted on
after bearing assembly that will affect the masgpprties of the gimbal.

Method 4 gives you the best certainty that yourlgilis final mass properties are within
tolerance. In this method the gimbal is fully asbéed. Static unbalance about each axis of the
gimbal can then be measured and corrected. Whithas having large travel angles POI can
also be measured and corrected at the same timee Yu are working with a completed
assembly, when balancing is complete the residuahlance is known to be within tolerance.
The catch is that due to the manufacturing andnalsisevariation in sub components, using this
method every gimbaled assembly needs to be balanééer balancing, if any component of
the moving assemblies is changed, the gimbal \aiehto be re-balanced.

There are several ways to correct for static umzaland POI of a gimbaled assembly. Weights

can be added at calculated locations, weights eaadbed to the gimbal at predetermined
locations, or, pre-existing masses on the asseoani\be moved.
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It is almost never practical to add weights at glaied locations. Often the locations are
blocked by a sensor or other hardware or no phlysicanting point is available. These
physical limitations impair an engineer’s abilitypglace correction mass at optimal locations.
This option is not very practical since every giindl need different weight masses at different
locations.

A better solution is to define a set of locatiavtsere weights can be mounted to perform
correction. These weights can be stackable stres{washers), set screws or similar masses.
Then a software algorithm can be developed to tiakeneasured unbalance (and POI)
characteristics and construct a weight configuratecorrect for the mass properties. If the
positions and weight structures are well designaakt of the unbalances in your manufacturing
population should be correctable. This techniquescadd mass to the gimbal assemblies in
order to correct them. If total weight of the \@hiis a factor then this method may cause
weight to increase beyond a tolerable level (mastufang tolerances that are too loose can
potentially require large correction masses.)

The best technique is to work with the massesataady exist on the gimbaled assembly. It
may be possible to relocate some components tectdor the undesired mass properties.
Moving a camera assembly that is 1/3 of the mas$lseoéntire moving assembly mass gets you
much more correction then moving or adding a coimaaveight that is 1/50 or 1/100 of the
entire moving assembly mass. There are severeligabproblems with this method such as the
need to very accurately change the position ofatge components as well as design limits for
their positions.

In most cases, a combination of the last two tepes is the best system. First measure the
gimbaled assembly and reposition any large mabs¢san be relocated. This allows for a
coarse correction of the mass properties. Thersaneahe new assembly configuration and use
a software algorithm to construct weight structucelad on to the gimbal for small correction
to the mass properties. Final fine adjustmentisanbtained by moving small correction
weights mounted on lead screws parallel to each axi

It should be noted that measuring POl is alwaysxgensive, time consuming procedure which
is rarely done on gimbals. The most common mettsad to control POI is to design for the
POI to be zero, accept whatever residual POl ocdfisen performing static balance, the effect
of correction masses on POl is monitored and keptrhinimum to assure that the process of
correcting static unbalance does not adverselgafel.

6.0 BALANCING THE GIMBAL

The gimbaled camera assembly was balanced on & &textronics machine
GM904S2. Throughout the experiments, the camesanalsly was remeasured and balanced
whenever the assembly underwent a reconfiguratianaffected its mass properties. At each
balancing, the goal was to achieve less than L gesidual unbalance. As the

GM904S2 is rated for 0.2 g-cm this appeared toe gasy. When introducing a new gimbal
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(or a major refit of an old design) it is importdatcharacterize the gimbal and balancing
process. In this case, the repeatability of thalfmeasurement was checked in five successive
runs with no configuration changes between thetme rEpeatability of the process was
determined to be +/- 0.5 g-cm.

Figure 8. Gimbaled Camera Assembly on machine

Several areas were identified that influenced timeto run variation. First, the attention to detai
in cabling left much to be desired. Essentialtg éxtension cable that jumped the moving gap
was too short to route properly, and could not ldapgap close to the pivot axis of the gimbal.
The wire bundle was heavier than necessary to@gthdue to the many conductors required
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by the unnecessary astronomy function of the cam®&ezond, although the main bearings used
were of good commercial quality, (ABEC Grade 5gréthwas certainly room for improvement.
Third, as with all gimbals, the travel angle is@alto “moving” the CG far enough for the
balance machine to respond. In our case, the gitreheeled +/- 17 degrees. This resulted in a
reduction in sensitivity of 2.5 times that of a ¢iah measurement that travels +/- 45 degrees.
Therefore, the effective instrument sensitivity vaas the 0.2 g-cm as rated, but 0.5 g-cm, as we
observed.

Figure 9.

Past experience has shown us that zoom lensesadrerpatic. Ours was no exception.
Significant shifts in CG were measured when boghzihom and focus were exercised. For our
balancing and subsequent vibration/MTF testinglogked the zoom at 48mm focal length,
locked the iris down, and frequently verified thia focus had not drifted during the shaking.

CG shift from zoom 8mm to 48mm = 25.7 g-cm
CG shift from focus 10 meter to infinity = 53.5 gic
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As our testing will show, these magnitudes of C®alance shift that the zoom lens cause are
not negligible. Assuming that focus can be loc&enhfinity for most applications, our 25.7 g-

cm observed shift is 250 times the sensitivity of a machine GM904S. For
applications using a long focal length with a higholution sensor, the resultant shift in CG can
tax the abilities of a highly stabilized gimbalgmvide jitter-free imagery. Some applications
with similar problems have designed compensatingsamaotion to counteract the zoom lens CG
shift. If compensating mass mechanisms are nat asare not possible, then it would be best to
always balance the gimbal at your highest zoom ifiagtion where the results of unbalance
have their highest image scale effect.

7.0 MTF Test Results
Example #1: Test 27 vs. Test 28
This example demonstrates that relatively smalblarices can have an effect on MTF. Test

conditions are shown in the table below.
(Note: d.a. is the displacement double amplitude)

Test Peak Linear field field or 10%
Number Force Displacement | Unbalance | Excitation | exposure | frames MTF
g's inches d.a. g-in Hz seconds Ip/mm
Test027 1.2 0.125 0 22.5 1/60 field 34.3
Test028 1.2 0.125 9.8 22.5 1/60 field 29.6

The following images are single frame capturesobdihe uncompressed avi file.

Figure 10. Test027 — contrast detail showing justgst “150” on upper bar array
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Figure 11. Test028 — contrast detail lost before aehing “150” on upper bar array.

Pixel profile charts for the two tests are showlolwe The vertical scale represents pixel
intensity; the horizontal scale represents CCDisziomtal pixel location. The plot samples a
horizontal slice across the image and include®ttiee image, even off-target image data.

Figure 12. Test027 pixel profile across the entirenage — notice data out to pixel location 610
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Figure 13. Test028 pixel profile — notice contrags lost after pixel location 560 and noise dominage
as we look farther right.

And finally, the MTF Graphs for each — ContrastRiel Position

MTF GRAPH Test027

contras!
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Figure 14.

MTF GRAPH Test028
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Figure 15.
The Rayleigh Criterion assumes that contrast isig®% at the spatial frequency where contrast

resolution is “lost”. To make it easier to read tiraphs, let’s instead use 10% where one of our
horizontal lines conveniently crosses. As you sa@ Test027 data crosses the 10% mark at
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pixel location 585, and for Test028 it crosses Hi%Yixel location 545. To convert the 10%
percent pixel location to resolution based unitiref pairs per millimeter (Ip/mm), we must first
find and eliminate any shift of the target locatamit was imaged on the frame. Because the
mechanical configuration for both tests was idettithe target image was nearly in the same
location on the frames for both tests. Our stgrpioint will be a fixed offset before the first
“white” peak of the upper sinusoidal bar array eadrfrom left to right. This offset was
independently determined to be 17 pixels. For0Z&the first white peak occurs at pixel 67 so
the starting point is at pixel location 67-17=50¢d& est028 starts at pixel 68-17=51.

Since the target is generated from a logarithmmction, we will use the following formula to
convert the starting point and 10% crossing parptmm MTF units.

10”7 (10 percent crossing point - starting point(y68

Note:

640 is the number of pixels from one edge of theF\d€ale to the other.

5 is the scale correction factor.

Test027 = 10" (585-67)/640 *5 = 34.3 Ip/mm

Test028 = 10" (545-68)/640 *5 = 29.6 Ip/mm

In this first example, Test027 had 16% better spagisolution than that of Test028

demonstrating that balancing the gimbal can a@cimeving maximum sensor platform
performance.

Example #2: Test016

Control Configuration - Gimbal was in a caged cguafation with 0 g-in unbalance and no linear
accelerations applied.

Test Peak Linear field field or 10%

Number Force Displacement Unbalance Excitation exposure frames MTF
g's inches d.a. g-in Hz seconds Ip/mm

Test016 na na 0 na 1/60 field 35.1
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Figure 16.

Test016 represents the best that we can expectthismset up. The limitations of multi-element
zoom lenses became apparent. Intuitively we erpldottter performance.

Example #3: Test003, Test004, Test005, & TestO24t{0R5, Test026

Using coiled extension springs as the restoringefpthe inner frame of the gimbal exhibited a
sharp Q resonance at approximately 23 Hz. Atfteguency and its harmonics and
subharmonics, the gimbal was very sensitive to lamga. As could be expected, the resonant
frequency changed slightly as differing unbalanesses were added changing the MOI. The
results of the tests varied somewhat due to thiewdlify in controlling all the variables.

Matching the slip table frequency to the resoneeddency was especially critical. However, in
all cases the balanced gimbal performed betteruh&alanced configurations.

Test Peak Linear field field or 10%
Number Force Displacement | Unbalance | Excitation | exposure | frames MTF
g's inches d.a. g-in Hz seconds Ip/mm
Test003 0.06 0.0023 0 23.3 1/60 field 28.8
Test005 0.06 0.0023 5.2 23.3 1/60 field 29
Test004 0.06 0.0023 56.6 23.3 1/60 field 7.6
Test Peak Linear field field or 10%
Number Force Displacement | Unbalance | Excitation | exposure | frames MTF
g's inches d.a. g-in Hz seconds Ip/mm
Test025 0.06 0.0023 0 22.9 1/60 field 21.3
Test024 0.06 0.0023 9.3 22.9 1/60 field 10.1
Test026 0.06 0.0023 110 22.9 1/60 field 7.3
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In the first grouping, adding a small unbalance hadignificant effect. In the second grouping
even the well-balanced gimbal experienced someadagjon and adding a small unbalance,
further decreased resolution by a factor of twobdth groupings the larger unbalances (56.6
and 110 g-cm) taxed the setup to its mechanicaldiwhere the extension springs periodically
went slack as the gimbal motion bloomed.

Example #4: Test012, Test013, Test014, Test015

For this grouping, the excitation frequency wasjsgttabove resonance with a large fixed
unbalance mass mounted to the gimbal. Our canasrarm interlaced video output, but as in all
the tests demonstrated thus far, we have deinggfldne video stream to simulate how
progressive scan cameras would record in singhedsa

Below is an example of a single frame capture feoninterlaced video stream. In this case, the
faster field shutter rate of 1/500 second doesmptove the overall image because each frame
is made up of two fields displaced by 1/3@&cond.

Figure 17.

Below, a single frame from the same auvi file buitagould appear from a progressive scan
camera. For the relatively low amount of jittedaur low resolution CCD, the 1/58@econd
exposure is sufficient to freeze the image.
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Figure 18.

Single frames are indicative of the amount of smgtrin each individual frame (intraframe).
Electronic shutter speeds can be increased ifitigidonditions permit to “freeze the motion”
within each frame. Below are four “progressiversdasts where shutter speed was increased,
and the iris was gradually closed in order to kiepincoming light flux approximately the
same.

Test Peak Linear field field or 10%
Number Force Displacement | Unbalance | Excitation | exposure | frames MTF
g's inches d.a. g-in Hz seconds Ip/mm
Test013 0.06 0.0023 110 23.3 1/60 field 12.2
Test014 0.06 0.0023 110 23.3 1/500 field 34.8
Test015 0.06 0.0023 110 23.3 1/3000 field 32.1
Test012 0.06 0.0023 110 23.3 1/12000 field 29.1

These tests show that faster frame rates can lhadismpensate for gimbal jitter. Test013 had
the slowest shutter speed and was the only teseptisle to recording the jitter in our quasi-
progressive scan mode. Increasing the shuttedgper’508 second and faster was sufficient
to freeze the motion for our particular resonanug @xcitation conditions. Our tests show a
slight drop off at the highest shutter speeds asigmal to noise ratio change unfavorably.

A few caveats ...
First, although faster shutter rates has its placproviding improved resolution for single

frames, the act of real-time observing can be défgrent. To an observer watching the feed,
even the progressively scanned arrays will showth®video jitters from frame to frame.
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When considering interlaced video, the problem ballexacerbated by interlacing artifacts
introduced into each frame.

Second, not only are favorable lighting conditioeguired to effectively compensate for motion,
but the camera has to be capable of achievingrfalstater speeds and higher frame rates.

Third, the resonance and sinusoidal excitation m@ied are quite low in both frequency and
amplitude. Keep in mind that our test setup ussihgle axis gimbal with a single mode of
sinusoidal excitation. Gimbals with complex respoio wide spectrum multi-mode random
vibration may not have cameras which can expogesfasigh to freeze the motion.

Once again, balancing offers a universal soluti@t tovers all situations encountered.

Example #5: Mpeg5, Mpeg5d, Mpeg4
Representation of live video feed

Because this paper cannot show live video, we belen the liberty of averaging a stack of 30
frames for each of three avis. Please note thsintalate the video feed, these images were not
registered to correct for image shift. By ovenmysuccessive frames we have simulated what
your eye would see in one second of video at 30 Tipee three images below are X2 blow-ups

of the license plate section of the target. Eahidentical unsharp mask processing to enhance
features for printing purposes.

Image A Image B Image C

Image A is from interlaced video taken by a giminalunted camera which has a 9.8 g-in
unbalance, excited near resonance at 22.7 Hz @ify. peak force. Image B is from the same
original video as Image A except the video was t@eiaced to simulate a progressive scan FPA.
Image C is from a video feed from a caged gimbidbtice that there is little difference in clarity
between the first two images, even where the 1/a28@cond fields effectively froze each
image. Successive frames spaced"1/&&ond apart leave the impression of a blurreeovid
even though the progressive scan version has sbharframes. Image C demonstrates that only
an extremely stable gimbal will allow for clear Igane video.
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8.0 Servo Stability and Balance

The traditional call for balancing a gimbal stemnfiesin ensuring that the torque motors
responsible for positioning and target lock hadugotorque to deal with overturning moments
caused by acceleration. The motors had to be pixgzkrly in order to prevent the seeker from
losing target and not recovering. So let’s say tia motors are adequate to deal with the
residual unbalance and accelerations expected.t M/tiee next concern? The concern directly
addresses the servo control loop’s ability to lggddd stability against any torques generated by
CG offset from the pivot axis, and the acceleraitivat act upon it. Good stability is whatever
is needed to achieve the image clarity desjoe@ny other resolving power metric for other
sensor technologies).

In our related experiment, a closed loop servoaegd the permanent magnet and extension
springs to provide the restoring force. The erglextro-mechanical arrangement was cobbled
from parts readily available in our shop. The &lmnotive driver was a magnet and a coill
disassembled from a relay, the angular feedbackawmtentiometer, and the electronics was a
pulse width controller from an RC servo. Not eeéose to the best, but it was adequate for our
purposes. From a performance standpoint the seagmot very linear except for a very narrow
angular band of say one degree. Hence, we linoitedesting to forces and unbalances that
generated less than one degree of motion. Theraysas underpowered and struggled to hold
position against the jitter induced torques. Arotbroblem encountered was related to cabling
dress adding unpredictable “spring rate” into ty&tem. When commanded, the servo
positioned and held the gimbal quickly. There wae ringing that we could not reduce or
eliminate because the microprocessor based comsadivebre did not have any tuning
capability. The lack of electrical schematic madalog solutions impractical.

After some initial tests, it was determined that servo would not respond fast enough to jitter-
induced torques any higher than 4 Hz. Our Slipl@alas set to 4 Hz which is well within the
range where the response of the Slip Table haadirédramatically dropped off. Nonetheless,
we were able to generate displacements of 0.0&"which resulted in a rather small 0.07 g
peak.

An oscilloscope was connected to monitor the cawecignal sent to the driver. The gimbal

was first run in a balanced condition and thenwith a 110 g-cm unbalance. The results are
shown in the two capture images from a storagdloscope shown below.
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Figure 19. Correction Signal sent to Servo Driver nder balanced conditions

Figure 20. Correction Signal sent to Servo Driver vth unbalanced gimbal

30



The results clearly demonstrate that the servore@sired to work harder with the unbalanced
gimbal. In fact, the balanced condition signakplaght not have had any corrective signal, but
for the servo sometimes showing similar activitgewhile the slip table was stationary. Our
lack of closed loop tuning resulted in periodicripsi where the gimbal would kick a bit, then
recover.

Obviously and intuitively, if the gimbal is balamtehere is no CG offset (from the pivot) for the
accelerations to work against, and the servo icaled upon to take corrective action. Gyro-
stabilized sensor platforms exposed to harsh apgrahvironments will constantly call for
correction if the gimbal is unbalanced. Power exiiteires will be increased over that of a
balanced assembly. Furthermore, if the desigaegets a low residual unbalance upfront, they
can select smaller torque motors further reduomags and the propulsion energy committed to
that mass. For applications such as UAVs wherédB\(¢ize, weight, power) are mission
critical, a balanced gimbal which is lighter anddoged can be a huge advantage. Resources
previously committed to the gimbal are freed upéaallocated elsewhere. Every watt/hr. saved
at the payload pays loiter time dividends on eieally powered craft. Every gram saved on the
payload is a gram to be spent on increased fudl! lmasider that the energy density of
electricity storage to combustion fuel storagessally stated at 1:3: another win.

9.0 Bandwidth and Balance

The airwaves are running out of bandwidth. On ylbattlefield, bandwidth limitations are
one of the chief concerns. Telemetry from UAVdarg winged craft, fighters, etc, are relayed
to ground commanders who require the most expedeeision chain possible. All this
transmitted data has created the network centribadeof data management. One of the tools
used to ease the data load on these networkstisftiimleo data compression. Real time video
demands significant bandwidth by nature. Compoesis integral to today’s battlespace, and
MPEG type algorithms are among those commonly u§€aimpression algorithms respond
favorably to cleaner data.

MPEG compression uses a decoder and encoderszi€a) to remove spatial, temporal
psycho-visual redundancy from a video stream rewpits size. This technique reduces the data
need to transmit an image to a fraction of theipagsize; however there are some draw backs
when dealing with an image with motion. Video eriogdand transmission systems use two
different bit rate controls for the data strearfibe two bit rate control methods are Constant Bit
Rate system (CBR) and Variable bit rate (VBR).

CBR uses a constant bit rate for the stream ofagteideo data. In these systems the
compression ratio of the encoder is fixed. Theodec compresses the video data stream to a
fixed compression ratio in order to meet the defidata streams bit rate. If a video contains
more redundancy the compression takes very little tith little visual affects to the content.
However if the video contains little redundancy doiéntra-frame or inter-frame instability, the

31



decoder is forced to apply more compression. énvtbrst case the image will become blocky
and the detail will be lost.

Variable bit rate (VBR) uses a variable bit ratetfte stream of data. In these systems the more
redundancy in the video content the higher the gesgion ratio and less bandwidth taken for
transmission of the data stream. VBR systemslase a configurable maximum bit rate. In a
VBR system the encoder compresses the video cowtéat a minimum) fit in the maximum bit
rate stream. When the video has more redundaecytktie encoder compresses the content
more. This has the affect of increasing the cosgom ratio for stable images with little or no
effect on the content viewed by the operator whesoded.

Older compression systems can cause blocking ascdofodetail in live action motion or

unstable images. MEG-4 10 (H264) is one of thestatompression systems for dealing with
motion and high compression ratios. This compogssystem requires much more calculation
to achieve the higher compression rates and retation detail. In a real-time system, this
algorithm requires an order of magnitude increagerocessor power over the needs of the older
MPEG-2 techniques. Dedicated processors are afted for this task, leaving the main system
control processor free for command and control ions. Minimizing the motion and

instability in the video stream being processedh&lrthe processor burden and, in some
applications, allows the use of the older compaesaigorithms. This opens up more processor
bandwidth for other functions.

One of the many techniques used by MPEG to accempbmpression is to compare the
content differences from frame to frame, and storg the differential results. This is another
area where balancing - to achieve better imagdisgalcan help. A more stable video stream
will have smaller differences between frames. MRaG be encoded/decoded in either
hardware or software. In a high performance stnahardware encoding is often used.
FPGA'’s and DSP’s execute the algorithms used itwsoé with potentially faster speeds and
greater efficiency. The hardware implementatiom realuce video latency as viewed by the
operator, improving the decision-making processa@auteasing reaction time.

Not having access to hardware encoders, we testedase encoding only. Included in our
testing were MPEG2 and the emerging MPEG4 partrithe commonly known as H.264. Both
methods were tested using variable bit rate (VBRpding. Our assumption is that both the
software implementation and the hardware implememaf MPEG H264 yield similar results,
because they are both based on similar architeatucaitlined in the standard.

The tests consisted of three basic configuratiartaged gimbal for the ultimate in stability, a
small unbalance (9.8 g-cm), and a larger unbal@hb@ g-cm). The data for the caged gimbal
video image is tabulated as ‘stable’. For our psgs, let's define intraframe smear as blur
occurring within the CCD’s integration period thamearing within the individual frames
(although they will still jitter between framed)et’s also define interframe jitter as frame to
frame jitter which occurs even with faster shutieeeds that freeze a sharp image on the
individual frames. Consequently, in our testsitir speeds were varied to evaluate the effects
of smear and jitter separately. Interlaced vaatégiaced (to simulate progressive scan) was also
included.

The results are shown in the following table.
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Group 1 shutter scanning Unbalance uncompressed MPEG2 Degradation
File seconds g-cm avi Mbytes avi Mbytes percent
mpeg004 1/12000 interlaced stable 5464.6 143.4 0.0
mpeg005 1/12000 interlaced 9.8 5464.6 157.4 -9.8
mpeg008 1/12000 interlaced 110 5465.6 161.7 -12.8
used one-pass,
medium
compression
Group 2 shutter scanning Unbalance uncompressed MPEG4 H264 Degradation
File seconds g-cm avi Mbytes avi Mbytes percent
mpeg004 1/12000 interlaced stable 5464.6 127.5 0.0
mpeg005 1/12000 interlaced 9.8 5464.6 133.9 -5.0
mpeg008 1/12000 interlaced 110 5465.6 138.1 -8.3
used one-pass, high
quality
(low compression)
Group 3 shutter scanning Unbalance uncompressed MPEG4 H264 Degradation
File seconds g-cm avi Mbytes avi Mbytes percent
mpeg004d 1/12000 deinter stable 1013 2.35 0.0
mpeg005d 1/12000 deinter 9.8 1013 3.29 -40.0
mpeg008d 1/12000 deinter 110 1013 3.79 -61.3
used one-pass,
medium quality
(higher compression)
Group 4 shutter scanning Unbalance uncompressed MPEG4 H264 Degradation
File seconds g-cm avi Mbytes avi Mbytes percent
mpeg004 1/12000 interlaced stable 1013 1.43 0.0
mpeg005 1/12000 interlaced 9.8 1013 7.85 -449.0
mpeg008 1/12000 interlaced 110 1013 11.18 -681.8
used one-pass,
medium quality
(higher compression)
Group 5 shutter scanning | Unbalance uncompressed MPEG4 H264 Degradation
File seconds g-cm avi Mbytes avi Mbytes percent
mpeg004 1/12000 interlaced stable 1013 1.43 0.0
mpeg005 1/12000 interlaced 9.8 1013 7.89 -451.7
mpeg008 1/12000 interlaced 110 1013 11.69 -717.5
used multi-pass,
medium quality
(higher compression)
Group 6 shutter scanning | Unbalance uncompressed MPEG4 H264 Degradation
File seconds g-cm avi Mbytes avi Mbytes percent
mpeg003d 1/60th deinter stable 1013 2.52 0.0
mpeg002d 1/60th deinter 9.8 1013 4.59 -82.1
mpeg009d 1/60th deinter 110 1013 4.45 -76.6

used one-pass,
medium quality
(higher compression)

33




The amount of compression is highly dependant em#ture of the imagery. Both the amount
of intended relative motion as the target is tracethe scenery is moving, and the amount of
jitter experienced as defined by the forces, fraates, etc, play a role in determining the
compression ratio. The myriads of software settwege not systematically explored and
undoubtedly had a greater affect on the compresatomthan the imagery. Because of this, it is
difficult to quantify the results. In an attemptduantify the results, the percent degradation is
defined as:

100 times the difference between the compressem\itk size for the caged gimbal
(VFcg) and unbalanced gimbal (VFug) divided byvideo file size of the caged gimbal.

VFcg - VFug)

% degradatia =100" (
VFcg

Our results showed up to 700% degradation in cossa ratio performance with a jittery
gimbal. As such, here are our general conclusions.

In all cases; the stable video from the caged gimphmvided better compression and
correspondingly smaller file sizes than the unstailagery acquired with the
unbalanced/uncaged gimbal.

From an encoding standpoint (Group 1 vs. Groupy Bdith MPEG2 and H264 acted the
same with the largest variation between the twadpeglated mostly to the “quality”
settings selected.

The higher the compression ratio (Group 4 vs. G@)phe better the caged, stable
gimbal performed compared to the unbalanced/uncgmebal. When using higher
compression ratios, H264 not only yielded the etgmeemaller files sizes, but
demonstrated substantial improvements with thdestatagery from the caged gimbal.

Gimbal stability seems to benefit interlaced videare than our quasi-progressive scan
(Group 4 vs. Group 3). Interlaced stream compoessitios degraded significantly as
soon as the imagery went unstable; likely due ¢oHB64 having to deal with the
moving, high-spatial, interlacing artifacts of thdeo.

When slower shutter speeds are used in low-lightitimns (Group 6), it demonstrates
that a stable video stream compresses more readfiyjote here; the intraframe smear at
110 g-cm actually yielded a smaller file size thiaat at 9.8 g-cm. This is due to the
larger unbalance having more intraframe smear. shingar within each frame means that
the encoder does not have to deal with the higleguency content and saves even more
data rate. However this smaller, but blurry andgy video is less usable to the operator.

Balancing may be the one avenue for image improneifoe legacy hardware encoders
where upgrade of that hardware may not be a viagitien.
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Line of sight (LOS) laser communications are urdirelopment and testing. Essentially, lasers
and receivers are mounted on the aircraft andéodcan the ground. The lasers are modulated
with data, and the two point at each other’s regrsivcreating a two-way link. The method is
difficult to intercept, has very high data rateegiating bandwidth concerns, and uses high
precision gimbal mounted devices. The requiredfpomy accuracy of the airborne device is
dependent on the range and altitude of the airbraftan be on the order of six micro-radians.
Swarms of UAVs will be able to communicate withittground stations and with each other
using this method. Certainly RF bandwidth willdigened up by use of these high precision,
highly stabilized gimbal mounted lasers.

10.0 Methods of Stability
The following points list the anatomy of a hightplsle gimbal.

Three, four, or five axes of motion provide theralte in line of sight (LOS) stability.
Each axis stepping inward provides ever increasiolgtion from the external
environment and achieves successively higher lefedensor stability. Each successive
axis is required to have less angular motion tharprevious. Each axis carries less
overall mass, less MOI, and slews more quickly ttmenprevious.

Axis steering is achieved with frictionless pancéikgue motors driven by a four
guadrant Pulse Width Modulated (PWM) torque coigrolHigh resolution, light weight
slab resolvers are used for angular feedback sedloe position track-loop.

Inner axes are driven by limited angle torque n®{@AT) to quickly track sudden small
target motions while the outer axes handle grog#ipg. This is similar to your head
and eyeball. The head provides multi-axis grossanpthe eyeball provides multi-axis
fine motion.

Axes are pivoted on close tolerance, precisionibgamvhich not only carry the static
radial load of the gimbal mass, but also see tmaahyc radial and axial thrust g loading
generated from periodic and Gaussian external tidms  The ideal bearings are nearly
friction free. They are required to work througlde operational temperature swings and
must store well during long term storage.

Extremely low-noise state of the art rate gyroseeacceleration in inertial space. These
can be fiber optic gyro (FOG) ring laser gyro (RL.&) various types of MEMS coriolis
devices. Usually the angular rate sensors are tadutirectly to the moving axes

directly affecting the imaging sensors. The gyutpats are filtered to reduce stability-
compromising noise. The error source signals emgliied and fed to sophisticated
processors that estimate motion, then send feadafdrinertial rate compensation
correction signals to the LAT controller. The oppg torque generated counters the
instability torques.
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Each axis is precisely balanced to reduce resughiahlance to a minimum. Overall
correction weight mass is kept to a minimum througé of weight correction software
and proper planning for balance weight locatiofetal gimbal mass is lower. POI
effects are tracked and kept minimal in order ®vpnt cross axis response. MOI of the
axes is kept to a minimum to improve the respoateaf the track loop and inertial
control loop.

The gimbal structure is lightweight and stiff whigh natural frequency adding
predictability of response to the gimbal’'s own eohloops, as well as its relationship
with the proportional navigation control (missilgpdications).

An option in some applications is to affix the emensor platform to isolation mounts
to minimize operation environment vibration tramdtethe gimbal structure (rotary and
fixed winged platforms).

The implementation of a stabilized gimbal, one thaets the above criteria, is very costly.
According to the DOD UAS Roadmap 2005, the coshefPredator UAV EO/IR sensor is
almost a much as the rest of the craft. The Glblaalk’s package ranges from 33% to 54% of
the total costs. Naturally, the cost of the stahilon system is just a part of that but it should
not be underestimated. There are many configuradmd methods to achieve similar goals.
Some are just as costly and others are less exjgengh correspondingly lower performance
expectations. Even with the most expensive impigat®ns, stabilizing techniques are
imperfect. For example, the noise level of rateogys one of the fundamental limitations on
stability performance. The cost of going to a g that has 1/1bthe noise floor of what you
started with is disproportionately high.

Of course, there are many longstanding variatidrggnobal assemblies much different from our
above example. Each has its own concerns.

Conventionally packaged motors, lever driven assesylgear drives, have been in use
for years. These methods, by nature, include labkih gearing and linkages. Even if
antibacklash components are used, fit, tolerararesdeflections in each part of the
assembly will degrade stiffness and limit the dffemess of stability systems. Motor
cogging and nonlinearity similarly affect the systaNhether Pancake LATs are used or
other means, the track loop performance is encusddey mechanical stick/slip and is
asked to quickly slew the axis into position, bothwhich necessitate high feedback gain
and correspondingly, produce high drive stiffneBsecause the error rate gain is high, the
system is susceptible to noise that is amplifiedhay same high gain.

Encoders, potentiometers, and RVDTs are widely us@thce of resolvers. Along with
resolvers, each has it own resolution, repeatgpiibise, and signal bandwidth concerns.
Of these, noise is considered to be one to thd eler sources. Analog or digital
processing to compensate for performance limitatizave their own trade offs. Even
with high bandwidth designs, latency issues wikmwally limit the response rate and
thus cause LOS instability against higher frequeniyation stimuli.
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Single and two-axis gimbals perform to meet thdgohatheir assigned missions. Other
configurations such as roll/pitch gimbals havertlo@n configuration advantages and
cost levels.

Miniature dynamically tuned spinning mass rate gyace still in use and have their own
issues with bearing quality and resultant noisesdme applications, large spinning mass
gyros are used to directly stabilize a platfornhey are heavy with decent high
frequency rejection but poor low frequency rejecticGpinning mass gyro stabilized
gimbals partially make up for the lack of propeldnae, but introduce gimbal response
latency which has to be compensated for by theadper These types of systems are
usually reserved for the entertainment industry mews media.

Other factors affect stability performance. Whiea pivot bearings are under heavy g loading,
they may not respond in a linear fashion. Elest®nable dress and plumbing routing concerns
add to the coulomb torque unpredictability. Preédecmotion algorithms do not like
nonlinearities and thusly provide poor correctioBample rates of digital filters become

limiting factors as do quantization errors. Asidan the aforementioned noise floor errors, bias
errors throughout the mechanical and electroniesncére imperfectly resolved.

The point of all this is to convey that jitter sléap compensation is a complicated problem and
is difficult to model, both on the test bench, amdier actual mission conditions. Not only are
the above factors pertinent, but add to this thepexity in assessing the operational
environment. Wide spectrum, random vibration stadistical problem. The profile varies with
application and mission. On the testing sides difficult to empirically bench test full-up
gimbaled assemblies because of the difficulties@ating large, six-mode random accelerations
at higher frequencies.

All closed-loop feedback systems are a balancedsithe gain of the loop control system and
the amplification of transient errors from the feadk devices. Errors in the feedback signal
from predictable sources (such as cabling bindmigtp) can be predicted and compensated for.
Errors that are not predictable such as torquesrgesd by POl unbalances on fast sweeping
assemblies can cause transients that generatbiliigtia the gimbal assemblies tracking.
Algorithms controlling stabilized platforms haveuble compensating for the sudden shock
associated with gun firing or weapons launch. Anpredicted event can fall outside the
stabilization loop’s ability to arrive at an apprigpe solution.

Ultimately, it is best to decrease the CG and Rilalance that exists on the moving assemblies
of the gimbals so that the stabilization systemasoverloaded by these error sources and it
operates with its optimum performance and efficgenc

LOS electromechanical jitter correction is more ptaw, less efficient, and more expensive to
implement when residual unbalance is high. Theltesf EM jitter correction, whether it is
well implemented, or suffering end-of-life obsolesce, will benefit from balancing by relieving
the burden on the control algorithms, electrorac&]l mechanical elements.
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Another emerging form of motion compensation is&@nic stabilization - either software or
hardware based. Electronic stabilization is a wethere unstable imagery is two
dimensionally shifted to make the platform appesaif &'s not moving. The future goal is to
develop real-time precision video registration (AVRVhile electronic stabilization certainly has
its place there are a few points to consider.
- First, it places processing demand on-board whereegsing resources may be already
committed, or places it externally where transnoisdiandwidth becomes problematic.
In general, it may not be possible to insert ne@cpssing modules into existing systems.
Second, since the method demands processor time, @deo latency will occur.
Third, the method does not compensate for intragéramear. Algorithms to deal with
blur within each frame are in their infancy and siraply not as good as having clean
imagery from a balanced and stable gimbal to bexjim. The processing demand to
remove intraframe smear will far outweigh even tifahterframe jitter compensation.
Video latency will be a bigger concern.
Fourth, automatic targeting recognition (ATR) dedigthat the image be as stable as
possible. Multispectral and hyperspectral imagity their multitudes of imaging bands
are increasing target recognition accuracy andharéened against countermeasures.
Software stabilization applied to the data of hewaldrof spectral bands would
unnecessarily overwhelm processor time, whereabizg would ease the need.
Naturally, as new technologies evolve, methodst@momplishing software stabilization
will become more efficient.

When considering your stabilization budget, balagawvill affect most linear error sources in a
proportionate way. Fixed errors should not beciéfeé by balancing.

Stabilization systems that are sufficient for todayeeds will feel increasing performance
pressures. For cost growth control it is desiraie existing EO/IR systems (or any other
sensor platforms) be capable of life-extension aggs. Simple concepts come to bear here.
If the camera is upgraded with a lens assemblwiktthe effective focal length, the
stability system now is required to halve its ta@abr to make full use of the lens
improvement.
If the camera’s sensor from the above examplees lgpgraded to one with twice the
original resolution, the stability will need to me@ase by a factor of four over the original
design. All refit gimbals should be pulled frormgee and rebalanced whenever a
component is replaced. The mass of the removddaeg components and the hole
tolerances dictate the degree of unbalance thhbwgdlr if not rebalanced.
Upgrades to a missile’s propulsion or maneuverysgesn will place additional demand
on the inertial stabilization loops.

Balancing offers a cost effective way to “upgratigjacy systems. Medium accuracy
applications will achieve of that of high accuraagd high accuracy systems will surpass
previous performance levels. Balancing hardensystem from the effects of unanticipated
events. Another way to save cost is to create comassemblies which can be used in multiple
applications. The smaller the gimbal packagentbee likely it is that the gimbal can be used in
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multiple applications. Balancing becomes anotbel in a designer’s arsenal that enables more
compact gimbal assemblies through decreased deamatie pointing and stabilization
components.

Balancing is universal and works well with isolatichniques, gyro stabilization, and software
stabilization, to enhance performance, to squeakza/bat remains, and reduce the burden from
these synergetic technologies.

11.0 Trends in Sensor Technology

Through the discussion of visible imaging, we hastablished the fundamental relationship
between resolution and balance. Other types adf@ssrand sensor suites follow the same rules
as outlined for staring focal plane arrays. Eaatiihown concerns and emerging technologies
are pushing the resolutions higher and higher. aled platforms that were suitable for old
technology may not perform adequately at curreiterta and the future will hold even tighter
performance specifications.

The need for increasingly stable platforms is drileg the desire for higher resolution. Higher
resolution sensor data ensures that the task dtibaompleted successfully. The desire also
drives technological advances in the sensors tHegaseOnce a new package has been put
together, its success kicks off the next leveldfaacements. New sensors require platforms
stable enough to take advantage of their enhaneddrmance; new performance levels drive
the desire for better sensors, and so on.

Sensor information can be used for many purposzsdimg:

Real-time video surveillance
Intelligence imaging

Camouflage and concealment detection
Bomb damage assessment

Mapping

Automatic Target Recognition (ATR)

Each purpose has its own set of tools and reliespenific sensor suites to complete the mission.
Sensor suites are combinations of different setypas that are co-boresighted and mounted on
a common gimbal platform. Current types contirievolve and new technologies are always
under development. Let's take an abbreviated &dokhere this technology is heading and how
gimbal balancing requirements will move with it.

Imaging — Visual band and IR
CCD arrays remain the dominant sensor for visual Ushey operate in the 400nm-700nm band

and offer high quantum efficiency, in a low costrit illuminated device. They are characterized
by low noise and usable sensitivity extending thi@near IR. Transition to HDTV type
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resolution in a full-frame device is underway. Betcimprovements in quantum efficiency (QE)
and signal to noise (S/N) characteristics perngtubke of longer focal lengths in spite of less
available light flux; and do so at true video ratésnger focal lengths equate to higher
magnification and place more burden on stability.

CMOS has held the promise of high resolution at éost. High speed CCDs are limited by
readout noise which increases proportionately vaddout speed. Since CCDs are read out in
serial fashion, higher resolutions would dictatetéa readout rates in order to maintain the same
frame rate. Their serial nature results in cohflietween resolution and frame rate unless
expensive multi-amplifier and processing solutiansimplemented. CMOS sensors are not
serial like CCDs; rather they are read out analsgowparallel. This supports both high frame
rates and high resolutions. Early implementat@inSMOS did not perform well enough to find
widespread use in critical applications. The JBledoped CMOS APS (active pixel sensor) is
opening the door to higher resolutions. These nmgd CMOS sensors have lower noise
characteristics and feature area of interest frgramd overall faster frame rates. CMOS APS
sensors improve every year and have found theirimtaysome critical applications. The
principal consideration for our purposes is thatesolution. The coming resolution
improvements will require additional effort towgsthtform stability.

IR FLIR MWIR LWIR sensors detect thermal emissioi®. various and evolving constructions,
they have the ability to see at night. Throughubke of various wavelength IR bands, they have
the ability to help distinguish exhaust plumes frdiversionary tactics. Focal plane arrays are
replacing scanning arrays and should continue teodas the price comes down and
performance levels rise. Two driving forces arstpng development. One is the need for
higher resolution, and the second is the developiesensors that do not require additional
cooling. In general, developers are pushing therpixel spacing dimension lower while
keeping noise trade-offs to a minimum. Of coutse,resolution increase will push the same
need for improvements in ancillary equipment atheir visual counterparts. Cooling
traditionally is used to keep noise levels dowmcabled IR sensors are more affordable and
eliminate complicated plumbing and thermal managegmAs performance levels progress
toward that of their cooled counterparts, sengiéigiwill increase, permitting their use at longer
focal lengths and create the need for lower LGE&rjperformance.

RADAR to MMWR (millimeter wavelength) — continuiraglvancements in millimeter radar
(MMWR) technology has opened the door for microwhased imaging seekers that are usable
under adverse weather conditions which could staigul or IR system from working.

MMWR'’s shorter wavelength yields increased resoluti Systems sufficient for older designs
and resolutions will need to upgrade as higherluéisos necessitate less jitter. Although the
amount of jitter correction required is less thiaat tof high-resolution optics, the amount of
tolerable jitter follows the same rules of resalatas above.

SAR (mechanically steered applications) — synthegtierture radar through use of precision
timing and sophisticated processing, SAR uses pialRF pulses, and the aircraft’s forward
motion to create an artificially larger ‘dish’. &lapparent larger dish gives the SAR better
resolution. The resolution is high enough to paidetailed picture similar to a visual image.
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SAR offers cloud-penetrating, all-weather perforocenCritical timing concerns (driven by the
synthetic aperture process) require the utmosinbgl stability. The trend over the last decade
has been for resolution to double every six ye&dghough this trend may not continue at the
same pace, there still will be increased pressurgabilized gimbal performance.

LASER designators — targeting and guidance. Wdmigaging hostile targets it is desirable to
increase standoff ranges. Conversely, it is a¢sirdble to decrease the power expended by the
laser. Aside from the weight savings of the lamsslf, the laser will require smaller, less
complex support equipment. Longer standoff ramge®mbination with lower power, dictates

a lower permissible jitter from the gimbal. Lowiter will achieve higher deliverable power on
target.

LIDAR/LADAR - 3-D imaging, the optical equivalent RADAR. The use of laser pulses sent
on target and gated sensors adds a third dimetwsibie created image. Time-of-flight critical
timing places a premium on jitter control. Gimlghkeanning mirrors and area arrays are under
continuing development.

LIDAR — spectroscopy - laser is used for remotgiination/excitation of aerosol clouds used in
conjunction with various detectors. Scanning niimoluced laser jitter limits the effective
range.

Mulitspectral/Hyperspectral imaging share all thense concerns above, but, the vast data-
content will bog down processing. Stable imagitagfprms will allow for cleaner merging of
content into a meaningful display. Less initi#tigi will free processing resources.

Numerous combinations and variations of these awdtachnologies are under development or
are already in use. It is a safe bet to say ttetdchnological advancements in all sensors will

yield higher resolutions in the future, and thatmoes for pointing used now will have to mature
with them.

12.0 Applications and Balance

The chart below is an exploration of applicationd ¢heir possible primary interactions with
gimbal balancing. By no means is it meant to espany hard limits.

Shaded Cells signify interactions of primary merit.
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Missile fast high | high | critical | yes no no no
Large UAV med | no no yes/no | maybe | no no yes
Small UAV med | ? no critical | yes no no no
Helicopter slow | no no no no high | no yes
Marine slow | no no no no high | yes yes
Ground Vehicle | slow | no no no no high | yes yes
Telescope no no no no no yes no yes
UCAV yes |yes |yes maybe | no yes no yes
Fighter Aircraft | yes no yes maybe | no yes no yes
Missile Defense | yes yes yes yes yes no no yes

About Gs, vibration, and shock: The three ternesddfiferent ways of saying the same thing.
They are described differently here so as to dfétter understanding for each application.

12.1 UAV

The operational environment:
Extremely diverse, ranging from the turbulence friede at 60,000 feet on-board a
Global Hawk, to low altitude over hot deserts imigro UAV.
Principally, propulsion induced forces, wide speaat turbulence, maneuvering forces,
and structural vibrations define the environmgiiote: Within the scope of this
document, it is difficult to do more than generel)z

UAVs are tasked with the Dull / Dirty / Dangerousssions, such as long dwell time, hazardous
environments, and over hostile territory. Theytheeremote eyes and ears, gathering
information in situations where the risks for hunmaliots are deemed too high. Except for the
few weaponized platforms; carrying sensor arrayeeseason UAVs are around, and
consequently the reason the imaging quality anditgud other sensor data is considered
paramount. The DOD periodically releases Roadrt@mp\V development. From these it is
clear that there is no single “silver bullet” amdaechnology that will singularly advance to meet
all the future goals. Every aspect of these dirgvél continuously “push the envelope” as the
craft evolve. To this effort, USA expenditures210 are expected to be 4.2 billion. Payload
costs are approximately $8000 per Ib. Typical UAlpad mass fraction is between 10 — 20%
of total mass.

What Balance can do to help improve the situation:
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A. SWAP — Size Weight Power reductions — the drivioigé in today’s effort.
- Better balance enables engineers to design ligimailer gimbals through smaller torque
motors. This in turn helps control vehicle massagh.
Greater operational range, fuel dependant - Bathptaforms require minimum
unbalance ballast mass, reducing overall mass.etowerall weight means less fuel is
required for launch and maneuvering.
Less track-loop and inertial rate-loop correctiawpr expended — greater power
reserves for other functions — less battery stocaggenerator mass is required.
Loiter time over target is improved since energgstonption and overall mass are
reduced. This in turn provides a greater oppotyuor encountering subject and
gathering information. Additional loiter time ofte..
Opportunities to beat atmospheric conditions -eeksfavorable turbulence zones
based on terrain/weather models
Increased Target Detection Probability - bettegetirdentification accuracy at
longer ranges.
Better maneuvering so as to view target from mepeet angles
For electrical propulsion UAVs the power savingsne to one (power allocated to
gimbal steering vs. power allocated to propulsion).
For petro-chemical UAVs the savings are even mewabse gimbal electrical power
conserved (battery weight or generator) meanspifugitulsion fuel can be added at a
greater energy density.

B. Improve MTBF (working life) and predictability
Torque motor burnout due to power peaks stabilizinigalanced gimbals is reduced
Balancing creates power consumption predictabitigg maintains a level of isolation
from conditions encountered — i.e. a balanced gimgzpuires little correction current
under all levels of turbulence, thus has very mtadhle requirements throughout the
mission. An unbalanced gimbal requires radicaitfetent amounts of correction current
under widely varying conditions.

C. Allow Higher Quality Imaging
Only stabilizing method independent of frequengponse — “balanced is balanced” at
all frequencies.
Greater standoff range through higher magnificatiand/or simply more stable image at
old magnification levels
o Increase in standoff range eases potential pdli#aifications — air space
concerns
0 Better balance yields higher stability enablinggenslant ranges to utilize higher
zoom levels.
o Lower the UAV’s chance of detection by undesirables
o Cost savings through lower attrition rates
Minimize cross coupling (POI) slewing or vibratierrors
High resolution increases the probability of misssnccess
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0 Increase outcome success rate on actionable gaele - Shorten response time
from detection, to identification, to final respens
o Clearer imagery - Protecting the lives of frientthyces
o Clearer imagery - Protecting lives of non-combatanitigates political
ramifications
o Allows for efficient Border Patrol, helps prevenfiitration
o Improve probability of Search and Rescue succéi$és and death stakes
Increased input data certainty for autonomous élguos such as flight navigation,
detection, and targeting.

D. Data Bandwidth
Eases communications bandwidth constraints - Bd#t transmission compression
ratios for RF bands —
High stability gimbals are an enabling technologylaser LOS communications

Future Outlook:
Smaller packages are more modular for refit inteeotpplications. Enables better cross
platform compatibility, higher cost savings thouegfits and upgrades, and promotes end
of life extension programs. These offer advantagémth the end user and the
manufacturers.
Future advances in emerging technology sensomssuitHigher resolutions will mean
more demanding stability needs, longer ranges, etc
Goal for next 5 years is 40% improvement in endcegisee benefits above)

12.2 Rotary Wing Craft — Helicopter and UAV

The operational environment:

Rotary winged craft operate in a vibration lademiemmment. In-flight data recoding
provides the most accurate means of profiling tMiration levels are
broadband random with narrow band peaks centerselatal frequencies, the
most significant of which is the main rotor bladesping frequency. This is
generally in the 10-20 Hz. range. The overall egrms) is on the order of 3G.
Secondary forces come from gear mesh noise, tudrigae rotation, and tail
rotor and drive. The vibration environment of ®iltance pods is somewhat
harsher still.

Static G levels caused by maneuvering and/or tenoe are about 5.5G maximum.
Obviously the static forces in low turbulence vgrgatly depending on flight
maneuvers with no sizable static forces at hovdG@eak in level flight, and 1G
during an unremarkable transition from the forwdiection to hover.

The stabilization hardware must be able to handth the static G due to maneuvering and the

vibratory G present in the airframe. Stabilizatieohniques are effective in the range of 0-200
Hz and for rms G amplitudes greater than 2G. S2rspling suspended isolators with
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appropriate damping devices should be able to leahdl higher frequency vibration, although
this will require the active stabilization to cartdéor any low frequency deflections and
resonances in the spring suspension and isolation.

Obviously balancing the gimbal will reduce the dechan the active stabilization system and
allow it to absorb larger perturbations withoutdad control. Normal usage of very long focal
lengths places a very high burden on the requigallgy.

What balance can do to help improve the situation:
Ability to maintain longer standoff distances piteassets.
Clearer imagery allows for positive I.D. of susgeciombatants, or targets.
SAR - greatly increased probability of victim deten during Search and Rescue Ops
saves lives. Allows for more efficient search eats.
Clearer image allows a larger field of view whi@duces search time and/or increases
area searched per hour

Future Outlook:
Advances in sensor resolution and new forms ofaenaill continue to push stability
requirements forward.

12.3 Missile

The operational environment
Launch forces vary depending on the method used.
Small missile vibration and maneuvering environmexteeds 50 G’s.
Large missile components are “controlled technologihis limits exportable
technology to less than 10 G rms. From this welgafonclude that USA large missiles
routinely experience higher accelerations.

Questions you need to ask:

- Is the target highly agile - i.e. 9Gs? Then lavffebore-sight angles are required. Fast
slew rates obtained. Seeker must pull 5 timegntiedligent and motivated target’s
escape Gs to obtain high kill percentage.

Is your gimbaled seeker pulling between 40-50 Gsturn? - Every 1 g-cm of static
unbalance equates to 40-50 g-cm during maximunugurs

Lock on before launch adds to performance demands.

What balance can do to help improve the situation:
Balanced gimbaled assembly ensures lock on tanfjetat be lost during launch
and maneuvering.
Agile targets require fast gimbal slews. Balanck#son to track residual POI (to
reduce cross coupling error) is necessary.
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Better balance yields higher jitter stability foiCE Imaging IR seekers.

More efficient search modes for acquiring the targe

Fewer burdens on jitter compensation systems.

For both within visual range and BVR (beyond vistzaige), higher stability
means going autonomous from greater engagemerg.rdfige and forget from
safer distances.

Future Outlook:

Successful intercept of future UCAVs will place inég burden on all aspects of seeker
performance — including balance.

Higher accuracy machine supports future upgrades/refits — Extbed t
operational life of weapons systems by allowingftdure advances in emerging
technology sensors suites.

Higher resolutions will mean more demanding stabileeds, longer ranges, etc.

12.4 Fixed Wing Craft

The operational environment:

- The maximum peak G load imposed on an agile atrwaélage in normal operation is
13G. The maximum peak G load imposed on any fam @gile aircraft in normal
operation is 17G. This needs to be consideredusecde gimbal could be pod mounted
on the wing. The loads on other military airciad 6.5 G and 7 G respectively.
Vibration may cause in broadband G levels of 918nG over the frequency range of 10-
2000 Hz. External and internal sound can also rg@@eibratory G forces, but they are
generally lower near the nose where sensors ginabalsommonly found. Again, pod
mounted sensor arrays will be subject to higheresr
Aerodynamic turbulent flow around the aircraft @anon source for vibration.
Boundary layer effects are small
Little is coupled mechanically from the engine —stnengine effects are acoustical 2-3 G
rms
Weapons launch may cause high forces shock/viloragpending on the technique used.

This vibration and g environment will affect gimbabunted sensor performance. The amount
of degradation will depend on the mass and momfenedia of the gimbal moving structure,

the stiffness of the gimbal control system, itgjfrency response, and the various components of
static and dynamic unbalance present in its stractlt is possible that static g levels will be
adequately compensated for by the gimbal contrdiéggrending on the effective focal length of
the system (imaging) or the RADAR or SAR equivasenit is highly unlikely that the control

will provide sufficient error correction for a vidiion spectrum that goes out to 2000 Hz.

Balancing Advantages and Future Outlook:
Manned Aircraft

46



Multisensor RADAR and imaging sensor suites moumtetie nose consist of large
heavy assemblies requiring higher resolution adgumswith every new generation

suite or upgrade.

Multiple sensor arrays are mounted on common pilago Jitter control is required

to be sufficient for highest resolution sensorhe group.

UCAV — Unmanned Combat Aerial Vehicle — faster, emoraneuverable than current
manned high-agility air superiority fighters

In some respects, UCAVs will require ever advan&egsor suites to compensate for
the missing decision making capabilities of humgot.p

Greater balance burdens will be placed on exigergor platforms that are
incorporated into new UCAVs. Perhaps the balamiteria thus far has sufficed for
the lower performing human piloted craft, but viaél under-corrected considering the
higher g loads of the UCAV.

UCAV specific new gimbal designs will be subjectiie@ same, more stringent
criteria.

12.5 Marine Surface Craft

The operating environment:

- Measurements were made on a MKV Special Opera@oatt in water with sea state 2.5
(3.0 ft significant wave height). Acceleration éévwere measured at the coxswain’s
station; they would have been significantly higtieneasured at the bow. Vessel speed
was 35 kt. The largest peak acceleration of 8Mag measured when headed directly
into the waves. This test also showed vibratooebrations of 0.44 g rms over the
frequency spectrum of 1-400 Hz.

Other sizes and types of ships will exhibit differacceleration and vibration effects; the
small, fast ship in the above example should priyblad considered a worst case. From
small craft to the largest, the ability to pointldock onto communications satellites
represents another challenge.

Larger ships in calm seas have less than 0.1 gk, path some roll angles and pitch
angle concerns.

Larger ships in heavy seas have low freq @ 1 g,m@akalso have significant roll angles
and pitch angles.

Small craft moving slow in various seas have sigaift roll angles and pitch angles

A gimballed sensor assembly mounted higher onhigssstructure, somewhere in the middle
of the ship’s length, would experience significantplification of the accelerations due to roll
and pitch. Vibration due to the operation of thg'shpropulsion unit and machinery would also
be present and likely amplified in certain frequeady the hull and superstructure.
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What balance can do to help improve the situation:
The shipboard acceleration and vibration envirortrders not seem all that different from fixed
or rotary wing aircraft, so the same argumentd&dancing the gimbal should also apply here.

Future trends:

In the past, heavy sea states self-limited the deshan gimbals. Heavy sea states were
normally equated to poor weather with poor visipiliHowever, in the age of imaging radars
and multi/hyperspectral sensor suites, heavy sehpaor weather will become less of a limiting
factor.

12.6 Other Applications
Ground Vehicles

The operational environment:

Tracked vehicles are subject to shock environmprio8 G peak and vibration primarily at the
track patter frequency of up to 6 G peak dependmtgrrain and speed. The track patter
frequency with harmonics varies with speed up uab00 Hz. Vertical jolts are the most
severe. A moving Armored Personnel Carrier carelta - 3 G’'s rms.

What balance can do to help improve the situation:

Stabilized gimbals are used to mount many of thealtargeting systems. It is necessary that
the vehicles fire on-the-fly under battle condisorirhe environment can be quite severe,
rivaling that of the other applications coveredao Vehicle suspensions can absorb some of
the force until bottomed out where it will rise dratically. Balancing will help in all the ways
described previously.

Missile Defense — Directed Energy Weapons

Operational Environment

The aircraft will likely be flying at 40,000 to 310 foot altitude, so it will be above most
weather and turbulence. Most of the mechanicaepresent will be the result of vibration
from engines and onboard equipment. Static G $ondt possibly be present due to
maneuvering the aircraft.

General Comments and Future Outlook:

A hard push to reduce mass is underway. The syssea gimbaled turret mounted on the
aircraft’'s nose. The turret contains mirrors atiteooptical elements to allow the laser beam to
be directed over a wide angle from the aircraftithp The target missile may be several hundred
miles away, so it will be necessary to stabilize tilrret to focus the energy tightly. In order to
minimize weight, it will be important to balance adoving parts.
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Stability and aiming accuracy will have to be witll.1 meter over a distance of several hundred
miles to the target. The target must be trackdtitoaccuracy for at least several seconds as its
azimuth, elevation and range are constantly changin

D. E. Weapons may also be mounted on ships ordasdd vehicles, where the range to the
target will be smaller (several tens of miles), tha vibration, g force and shock environments
will be more severe. It will still be desirablelialance any gimbal structures in these cases in
order to reduce total system weight and volumerdaxely high precision pointing accuracy
required. For example, at 800 miles with one fomnting accuracy, the gimbal needs to point
with 0.048 arc-seconds accuracy or .25 uRadiansn@guessarily a real case).

Missile Defense- stabilized gimbal seekers are pivotal to obijrihe incredible performance
goals of the intercept vehicle.

Airborne Telescopes- higher jitter stability needed — balancing lseg technology to
achieving it.

Guided Bombs and Projectilesuse imaging visual and IR FPA — stability concaresdictated
by performance demands.

13.0 Conclusions

We have looked at numerous examples of gimbal neaus¢nsors of many types and the
conditions which lead to degradation of ‘image’ lifya In particular, we have gone into
considerable detail regarding the quality of opticeages and the effect of external acceleration
and vibration on the image quality.

There are many conditions which can degrade imagéty including the components of the
optical system and its position controls.

The first conclusion we must draw for a gimbal mieaihoptical system is that the optimum
image quality for a given sensor, lens, image @sce and positioning servo control system is
obtained when the gimbal is locked (caged) and/égcle is stationary. That is, the best image
is obtained in the absence of external vibratianseleration, or motion.

Since any real application for a gimbal mountedgeras unlikely to be stationary and vibration
free, we can attempt to optimize the image in almemof ways.

The one method which reduces the effect of vibradind other accelerations and does not add a

weight penalty is to balance the gimbal. Balane@lvgaysacts to improve the image quality
regardless of the type of sensor, source or madmibfi external accelerations, type of control
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system, or inherent quality of the imaging systégimbal balancing has the added advantage of
potentially reducing the required total mass anthoreasing the payload.

For the most critical applications, a 4-step balagprogram should be used starting with
design. It should be noted that if balancing isandesign consideration, balancing the gimbal
after final assembly may not be possible.

1. Design considerations

a. The individual bearing mounted gimbal assembliesikhbe designed with a
goal of zero static and dynamic unbalance.

b. The frames of the bearing mounted gimbal assemsiieald be designed with
locations for mounting ballast. A few good locasaare vastly better than many
random locations.

c. The ballast locations must be easily accessibér &ftal assemblyithout
removingany moving components.

d. Small sliding or thread mounted ballast weightsuthdve considered for final
trim balance.

e. Wiring and plumbing routes should be planned toimize the unsupported mass
while allowing the gimbal to rotate freely

f. Weight and CG specifications should be developedifonajor components to
minimize mass properties variation due to manufaaguand from vendor to
vendor

2. Preliminary balance of major sub-assemblies

a. For applications involving high slew rates and mamis gimbals, dynamic
unbalance (POI) and static unbalance (CG offsetlilshbe measured on the
moving sub-assemblies. POI measurement is oftpossible after final
assembly.

b. Estimates should be made of the mass propertieg®bundles and piping.
These should be added to the measured unbaladeg¢etonine the true unbalance
as accurately as possible.

c. POl and Static unbalance should be corrected.

3. Gross balancing of the final completed assembly.
Gross balancing can be done if there are relatifesygoodballast locations and
relatively large ballast masses. This presumdsatfiaal trim balance will subsequently
be performed.

a. Static unbalance should be measured.

b. Static unbalance should be corrected in such atlatythe addition of ballast
does not add POl to the assembly. This may requine total ballast mass than
would be required without POI consideration. laigidgment call which is the
more critical requirement, low total mass or minifA®I.

4. Final balance
Final balance may be obtained using fine ballasglie or pre-positioned thread
mounted ballast. In the end, unbalance shoulddmsnred to an accuraayleast3
times better than the allowable static unbalanadace.
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a. Fine ballast should provide moment increments &4 than %2 the unbalance
tolerance. This may require locations not previppermitted for gross balance.
b. The residual unbalance from gross balancing shoellimited so the amount of
final trim ballast is small enough so POI can beoigd.
c. Pre-positioned thread mounted ballast has sevdvalngages.
i. The total gimbal mass does not change when théuasiinbalance is
corrected.
ii. The amount of correction can be very carefully aamly controlled by
using fine threads.
iii. If weights are mounted on threads which are perigatat to the pivot
axis, the effect of moving the weight along theetid will, independently,
affect only one component of unbalance.

There may be other ways to improve image qualityaproven method with no down side is to
balance the gimbal to a level commensurate withréhaired image quality and overall budget.
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Software Credits
Registax — frame stacking
Virtual Dub — video processing
AVI2BMP — extract single frames from video
Astro Art — pixel profiling
MTFProcessor (Space Electronics) — export MTF fliéxt
Excel — plot MTF chart
Quicktime — compression encoding
Gimp — image processing
Pure Motion Capture — video capture
Astrovideo — video capture
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