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INTRODUCTION
With the explosion of such global imaging programs as Google Earth and Mapquest in the past few years, the importance and relevance of global imaging has been brought into main stream attention.   Although this incredible technology is now at the fingertips of anyone with an internet connection, it was not always used as a way to explore the globe right from your desktop.  For decades now, ever since the early years of NASA, earth imaging technology has been tagged as having an essential role in the management of Earth’s resources and human environment.  In the past decades, images from satellites have been used to monitor human expansion, the rise and fall of crops and rainforest, and the effect weather or drought has had on a region.  The power of this useful technology has been demonstrated in numerous applications.  But as this technology has become more and more advanced, engineers began to meet bigger and bigger challenges along the way.  One of these major challenges can be seen in the technical article, “Large Scan Mirror Assembly of the New Thematic Mapper Developed for LANDSAT 4 Earth Resources Satellite” by Charles John Starkus.

LANDSAT 4

On July 16th, 1982, with its new imaging sensor, the Thematic Mapper, LANDSAT 4 was launched into orbit around our Earth.  It’s broadest goal was to provide the US with images of the surface of the planet.  The Thematic Mapper focused both visible and infrared energy from the Earth and was capable of 30 m. resolution.  In its near polar orbit at an altitude of about 705 km, LANDSAT 4 was capable of imaging the entire planet every 16 days.  Its path of travel can be seen in Figure 1, with the swath, the line of sight of the Thematic Mapper’s reflective optics, running from North to South.  
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Figure 1: Thematic Mapper sensor mounted on LANDSAT 4 spacecraft showing orbit and scan pattern

Without a doubt, the Thematic Mapper boasted some of the newest technologies yet to be seen in an Earth imaging satellite.  Of most considerable importance was the system’s capability to more efficiently scan the surface of the Earth as it passed overhead.  Rather than using a fixed optical line of sight, the Thematic Mapper utilized a large oscillating flat mirror to sweep from side to side, perpendicular to the satellite’s orbit.  By mechanically oscillating the flat mirror by ±3.85°, the optical line of sight swept ±7.70°, allowing for a swath of 185 km in width.  Though previous Earth imaging satellites had utilized this technology, none had done it in a way that promoted such efficiency.  Satellites of the past spent only half of their time scanning actually recording images.  The line of sight would sweep across the swath while taking images, but motion control was mainly utilized on the sweep back to its original position, making bidirectional imaging not possible.  By developing technology that would allow the Thematic Mapper to sweep and image bidirectionally, the efficiency of this imaging satellite would double.  This was the main goal and specification that brought about many new design challenges for the engineers working on this system.

DESIGN CHALLENGES

As previously mentioned, the initial design specification that made this system so challenging was that it was going to be capable of bidirectional scanning and imaging.  But for mapping accuracy as well as data transmission and processing, a nearly constant scan rate was required.  Thus, the angular velocity in which the mirror was being rotated needed to be constant at all times.  While undergoing oscillation, the mirror would experience a change in direction twice per cycle.  This reality made designing a mechanical oscillation system capable of constant angular velocity extremely challenging.  Based on system specifications, the mirror would need to oscillate at a constant frequency of 7 Hz.  

The second design challenge was to minimize the energy loss due to the impact of the mirror with a rubber bumper being used to cause a change in mirror rotation.  By minimizing this kinetic energy loss, and by maximizing the coefficient of restitution, the ratio of velocities before and after an impact, the easier it was going to be to provide a constant angular velocity to the tilting mirror. 

As with most optical systems, unwanted vibration is of considerable concern.  With the tilt mirror undergoing continuous impact, this became especially difficult.  The design goal for this system thus became to keep the mechanism experiencing very low levels, about 2 µrad peak-to-peak, of structural vibration for the impact energies involved in mirror oscillation.

FACING THE CHALLENGES
· Producing a Constant Angular Velocity
The first two design challenges, maintaining a continuous and consistent 7 Hz mirror motion and minimizing the energy loss of the mirror upon rubber stopper impact, are highly interrelated.  The successful completion of the second challenge eases the task at hand in solving the first.  But where producing a continuous 7 Hz mirror frequency is exceptionally challenging is in the time frame in which this can be made possible.  Due to the bidirectional scanning capabilities of the Thematic Mapper, only the very short amount of time, .01 seconds to be exact, can be utilized to apply an active method of control to the mirror.  The active load in this particular design is an electromagnetic torque motor.  This scan mirror setup can be seen in Figure 2.
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Figure 2:  Thematic Mapper scan mirror assembly

This motor, which is mounted at the flexural pivots of the instrument, where the imaging system is mounted to the satellite, produces as close to an instantaneous torque as was possible at the time.  The applied torque from this motor was applied during this .01 second window and compensated for the kinetic energy being lost as the mirror changed directions.  What made this process slightly easier was the design of the mirror itself.  Weighing only 4.1 lbs total, the tilt mirror was made entirely out of Beryllium, the lightest of all optical materials to work with.  The tiny mass of this mirror lessened the applied torque per turnaround.  So with an ultra lightweight mirror and an effectively tuned torque motor, the design of the rubber bumpers is the last piece necessary to provide a continuous and consistent 7 Hz mirror motion at the front end of the mirrors travel.  But once the mirror is already in motion, a new problem arose that changed the constant scan speed.  The problem originated with the way the mirror was mounted, on 2 flexural pivots.  The torsional stiffness of these pivots caused an acceleration in the mirror that was too much to maintain the desired 7 Hz mirror frequency.  Another innovate design was thus utilized.  A set of magnets, mounted on either side of the pivots, acted on the mirror as if it were a negative stiffness spring.  As the mirror rotated and the distance between the tiny piece of steel mounted to the back of the mirror and the magnet decreased, the strength of the magnetic field increased.  By placing these magnets towards the end of the mirror’s motion, the negative stiffness of the magnets canceled out the positive stiffness of the flexural pivots creating a net stiffness of zero.  This balanced system provided significant assistance in achieving the desired mirror frequency of 7 Hz.

· Reducing the Kinetic Energy Loss of the Mirror
This portion of the design may have been the most essential in achieving the goals of this project.  Not only would reducing the kinetic energy loss of the mirror lessen the amount of compensation that would be required by the torque motor, but it would also help to reduce the main source of vibration in the system.  When the mirror strikes whatever is limiting its motion, any kind of vibration that results is a loss of energy from the mirror and must be compensated for.  The goal was thus to increase the coefficient of restitution of the mirror.  To accomplish this, a spring leaf bumper was designed.  This design can be seen in Figure 3.

[image: image3.png]TAPERED LEAF
SPRING __pReLOAD STOP

MIRROR ROLLING
SURFACE: RADIUS-

SCAN
MIRROR SPRING DEFLECTED
AWAY FROM PRELOAD




Figure 3:  Bumper Assembly

As can be seen from Figure 3, the spring leaf bumpers straddle the tilting mirror.  As the mirror rotates and eventually comes into contact with two of these bumpers, on opposite faces of the mirror 180° apart axially, the stiffness of the spring and the rubber bumper will cause a direction change in .01 seconds.  Much had to be considered when choosing the appropriate materials for both the tapered leaf springs and the rubber bumpers.  With the goal of increasing the coefficient of restitution, engineers were looking to minimize the vibration caused by the impact of the mirror to the bumper.  Material selection and dimension became the first major design consideration.  A leaf spring material that had a high enough stiffness was required.  By allowing only a small amount of deflection of these springs, residual vibrational modes could be reduced.  At the same time, the material of the bumper affected these vibrational modes.  Initially, large massed bumpers were used which caused unacceptably large vibrations of the scan mirror and support structure.  Thus, smaller, less massive rubber bumpers were utilized.  These bumpers ended up being a polymeric material, Delrin AF, being bonded to the spring tip.  The result of this optimization was that the impact subassembly achieved a 99% coefficient of restitution.  Equally importantly, by maintaining the initial velocity of the mirror throughout the direction change, the mirror motion between rebounds was much easier for the torque motor and magnet subassemblies to compensate for.

· Minimizing structural vibration

As with most imaging system, reducing the magnitude of the major vibrational modes will improve overall system performance.  As previously mentioned, the main source of vibration in this system was the impact between the mirror and the bumpers.  This vibration was minimized using the appropriate materials and component dimensions.  But what was not previously mentioned was that this was done with the natural frequencies of many system components in mind.  By creating a mathematical representation of the system, as seen in Figure 4, the vibrational modes of the tilting mirror could be analyzed.  
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Figure 4:  Vibrational Analysis

As can be seen in Figure 4, each leaf spring and rubber bumper are modeled as a mass and two springs.  These models were then manipulated to achieve desired natural frequencies.  As the relationship for natural frequency is[image: image6.png]


 , the mass m of the spring tip mass and the stiffness k of the contacting surface determined the natural frequency of the tilting mirror assembly.  The mass in the denominator of this relationship verifies that a small massed mirror and rubber bumper would reduce the frequency of vibration.  It becomes apparent that this mass and stiffness can be manipulated to reduce overall system vibrations.  It was found that the lowest mode of vibration of the support structure was vibrating at 95 Hz.  Thus, the impact subassembly was designed so that its frequency was either well above or well below this frequency.  The result of this mass and material optimization was an impact assembly that vibrated at 50 Hz, far enough away from 95 Hz that no constructive interference would occur.  The effect seen from this optimization was huge.  As the impact vibrational mode was initially the most troublesome, the magnitude of this vibration was reduced by nearly two orders of magnitude.  The structural vibration of the system was thus reduced to less than 2 µrad at 7 Hz.

DESIGN RESULTS AND CONCLUSIONS
This particular design is a good example of the importance of vibrational analysis and clever mechanical engineering.  By utilizing a well timed torque motor and magnet assembly, the motion of the tilt mirror could be adequately compensated for, even after the impact of the mirror with the rubber bumper assembly.  A consistent oscillation of 7 Hz was thus achieved.  Through the process of material selection and component dimensioning, the coefficient of restitution was increased to 99%.  This greatly reduced the loss of kinetic energy in the mirror and made the job of the torque motor much easier.  Finally, by designing the impact assembly in a way that created a mirror / impact assembly natural frequency much different than the system natural frequency, the structural vibration was reduced to less than 2 µrad at 7 Hz.  This successfully reduced the most troublesome vibrational mode by almost 2 orders of magnitude.

Each of these developments has played a significant role in the ability of scanning systems to achieve high resolution and high scan efficiency in Earth imaging applications.  This technology helped to pave the way for future engineers designing even more advanced Earth imaging systems.  Though this exciting technology has made huge leaps in efficiency and capability, there are still huge engineering challenges to be overcome.  As an engineer, I am excited that this is the case.
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