SAWE Paper No. 3457
Category No. 6
Category No. 18

7T
b

HOW MASS PROPERTIES AFFECT SATELLITE ATTITUDE CONTR OL
Richard Boynton, Founder
Space Electronics, LLC

For Presentation at the
67th Annual Conference
of
Society of Allied Weight Engineers, Inc.
Seattle, Washington, 17-21 May, 2008

Permission to publish this paper in full or in pavtth credit to the author and the Society, may be
obtained by request to:
Society of Allied Weight Engineers, Inc.
P.O. Box 60024, Terminal Annex
Los Angeles, CA 90060
The Society is not responsible for statements oriops in papers or discussions at the meeting.
This paper meets all regulations for public infotima disclosure under ITAR and EAR.



Richard Boynton is the former President of Space Electronics, Betr|in, Connecticut, a
company he founded in 1959. Space Electronics naatwres instruments to measure moment
of inertia, center of gravity, and product of in@rtMany of these instruments were designed by
Mr. Boynton. He currently is President of Middédl Engineering, LLC, and is a director of
Komodo Industries, Inc. He has a B.E. degree @ctical Engineering from Yale University
and has completed graduate studies in Mechanigih&ering at Yale and MIT.

He is the author or co-author of 79 papers, inclgd9 papers presented at SAWE International
Conferences and 3 papers presented at Regionageanes. Four of Mr. Boynton’s papers
have won the L. R. “Mike” Hackney Award for Bestchaical Paper at the International
Conference of the SAWE. He is the author of the FARécommended Practice for Standard
Coordinate Systems for Reporting the Mass Proeofié-light Vehicles, and is co-author of the
Recommended Practice for Mass Properties Measutdimgmefully soon to be released).

Mr. Boynton has been a member of SAWE for over déry and is currently Director of the
Boston Chapter. In 1992 he was elected a Fellowirat898 was elected an Honorary Fellow of
the SAWE. Mr. Boynton is a former member of the AlAnd the Society of Automotive
Engineers, where he was the Secretary of the BalguSubcommittee (which was involved with
setting standards for jet engine balancing).

Mr. Boynton is a former professional folksinger.dddition, he is an artist, specializing in pen
and ink drawing. He recently illustrated a boolpoéms entitled “A Web of Longing and
Desire” (Published by Lamentation Mountain Press).



Abstract

The success of a satellite mission is highly depahdn the accuracy of the measurement of its
mass properties before flight and the proper batig®f the satellite to bring the mass properties
within tight limits. Failure to properly controlass properties can result in the satellite tumbling
end over end after launch, or quickly using ughtsister capacity in an attempt to point in the
correct direction. Solar panels must continuedimfptoward the sun as the satellite orbits the
earth. Telescopes must point earthward. Sateltitieide control systems generally consist of a
closed loop of measurement and correction of teexqraft’s attitude such that it is constantly
driven into its desired nominal orientation, effeely rejecting any disturbances imposed on the
satellite, such as variations in the earth’s magriietd, non-spherical shape of the Earth, lunar
and solar perturbations, drag of the residual apinee on the solar array, and solar radiation
pressure, or by movement of mechanical parts witiensatellite. This paper discusses the
different means of attitude control: thrusters, neatom wheel, spin stabilization, gravity
gradient stabilization, and magnetic field contmikth emphasis on the relationship of mass
properties to these control methods.

Satellite flight can be divided into 4 phases:
1. Initial launch, using a two or three stage beos
2. Injection into the approximate desired orb#ing a “kick” motor on the satellite

3. Fine positioning to set the exact initial ornitto correct for atmospheric drag, using small
thrusters on the satellite

4. Attitude control to rotate the satellite abasitCG so it points in the desired direction (many
methods are discussed in this paper)

Initial Launch

Mass properties play a key role in the first fewaswls of rocket flight. At initial launch, ther® i
no forward motion of the rocket and consequentlaamdynamic forces to stabilize the rocket
motion. Alignment between the center of thrust tcenter of gravity of the vehicle is critical
to prevent large offset moments from being gendrattan engineer is used to dealing with
flight vehicles that are inherently stable (sucla@sraft), then the sensitivity of rocket flightt t
CG misalignment may come as a surprise. It isinoommon for engineers to specify tight
tolerance for rocket CG, such as +/- 0.002 incimfodunately, many companies measure the
rocket CG in a dry condition (i.e. without fuelpince the weight of fuel can be as high as 85%
of total vehicle weight, making a dry measurement loe almost meaningless unless you
subsequently measure the same rocket after fuétingy opinion, the only reliable way to



measure rocket CG is to locate the measuring eqnpim the fueling area, and make the
measurement (and perform ballasting if necesséigy) the rocket has been filled with fuel.

For aircraft (and air-to-air missiles), the center of pressure of the airframe is
T aft of the center of gravity of the vehicle, so tha  t aerodynamic forces tend
to align the vehicle to the direction of flight. T his is not the case for the
first few seconds when a rocket is launched from ea  rth, since there is no
initial forward velocity to create aerodynamic forc es. The aerodynamic
alignment disappears again when the rocket leavest  he denser atmosphere.
If the rocket CG is offset from the center of thrus  t, then a torque will be
created equal to the CG displacement D times M*(g+a ). The gimbaled
rocket motor will rotate to align the thrust with t he CG, causing the rocket
| totilt relative the direction of flight. Asther ocket builds up speed, this
causes a drag. Subsequently tilting the rocket mo  tor to align the rocket
aerodynamically will reduce this drag but will wast e a portion of the thrust
force to correct for CG offset.
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As fuel is consumed, the rocket CG changes
dramatically. To minimize flight problems, the
fuel tanks are nominally located exactly on the
centerline of the vehicle, and the tanks contain
pressurized bladders or baffles that minimize
sloshing of the fuel and attempt to keep the
mass of the fuel centered. However, if the fuel
tank is not centered properly relative to thrust,

. as the fuel is consumed, the CG will shift along
.- the yaw or pitch axis due to the increased
importance of the mass of structuréhe

solution to this problem is to measure the
rocket CG without fuel and then add the fuel.

It the tanks are centered properly, the CG
should not shift appreciably in a radial
direction when fuel is added. CG will most
likely move along the roll axis, but this is of a
smaller consequence since the rocket does not
use aerodynamic forces for stability, so that the
distance along the roll axis between the CG andénedynamic center of pressure is not a
major factor.
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It is easy to measure CG location relative to hpamaits on the rocket structure, using
commercial equipment such as the instruments manuréal by Space Electronics, but often it is
hard to accurately determine the relationship betw@G and the center of thrust. What
reference do you use for the thrust centerlinethdsenter of thrust aligned with the dimensions
of the rocket motor exit cone or is it canted dligklue to any number of complex factors within
the engine? What about tolerance buildup betwleemiounting surface of the rocket on the
center of gravity instrument and the location @& thcket motor nozzles? Thrust alignment is
determined by mounting a similar rocket motor fithewst stand” that is instrumented with
strain gage load cells and determining thrust atignt (as well as total thrust). Optical means
can be used to determine alignment of the motdr thie rocket structure. Photogrammetric
techniques have been refined so that three axisgosg can be measured with a few
thousandths of an inch.

In the early days of satellite launches, it wasuratommon for a rocket to make a sharp turn
shortly after leaving the launching pad and haviegaestroyed. Other rockets would begin to
“pinwheel” (tumble end over end) shortly after labin | was hired as a consultant by a
government agency in a foreign country after a ebtlérned around and flew into the launching



pad, creating a 6 foot deep hole in the concrededastroying the launch facility. One of the
major causes of these failed flights was CG misafignt with the center of thrust. Another was
the degree of balance of the gimbaled guidancesy&ee SAWE Paper No. 333€atic
Balancing a Device with Two or More Degrees of @@ —(The Key to Obtaining High

Performance On Gimbaled Missile Seeerdow there appears to be a much greater awareness
of the importance of aligning rocket CG and of sarhéhe pitfalls in the process.

Rocket moment of inertia

Although moment of inertia is less critical thamtzr of gravity, it does have a significant effect
on flight. At the instant of lift off, transvergee. pitch or yaw) MOI is the only “force” resisti

the tilting of the rocket. This is not a new copiee-ancient tribesmen discovered thousands of
years ago that a spear flies straighter if it iggland narrow. More recently engineers have
assumed that they could calculate moment of ineitia sufficient accuracy that they didn’t

need to measure it. | have seen reports thatl likeexpected MOI error as “less than 2%”. In
fact these calculated MOI values were in error lmyerthan 100%. The reason is that fluid
makes up about 85% of the rocket mass, and thenpssuns the mass properties engineers were
using were erroneous. One school of thought assuina the MOI of the fluid in the tanks was
zero, since the fluid would remain stationery ameltank would move about it. The other school
of thought assumed that the fluid should be treated solid. Neither of these assumptions is
correct. As | have demonstrated in two SAWE paparfiuid dynamics, the effective MOI of

the fluid depends on the shape of the tank angrésence or lack of baffles within the tank.

{SeeSAWE PAPER No 2459 The Moment of Inertia of Fluids, and SAWE Paper No. 3006 The Moment
of Inertia of Fluids—Part 2.}

Some of the conclusions of these papers are sumedaelow:

m 1. Roll Moment of Inertia The MOI of the fluid in a cylindrical tank is noem

: about its centerline as is commonly supposed. Bimale right cylindrical tank
with flat ends which are perpendicular to the cdime, it ranged from about 3%
} e ' of the solid equivalent MOI for a fluid with thesdosity of water (or hydrazine)

to 93% of the solid equivalent MOI for a fluid withe viscosity of gear olil.

Since the mass of the fluid can be over 80% ofthss of the vehicle, this can
be a significant contributor to the total MOI. kct, the liquid can be the largest
contributor to roll moment of inertia (as well atcph and yaw MOI).

¢
7R \ 2.Pitch and Yaw Moment of Inertia The MOI of the fluid in a cylindrical
- | tank about an axis perpendicular to its centetypecally ranges from 40% to
} G 1 80% of the MOI which would result if the fluid weselid. The percentage of

\ / /  mass which should be used to calculate this effepends on the aspect ratio.



3. Viscosity As the viscosity of the fluid increases, thedlmoment of inertia
increases. This effect is most dramatic for thev@| about the centerline.

4. Other effects of fluid If a tank spins continuously in one directionertually all the
fluid within the tank spins with the tank. For agn deceleration force acting on the
spinning tank, an empty tank will slow down morecily than a filled tank. In our tests,
if the tank was not completely filled, its speed¢m@@ased and increased in an oscillatory
fashion as it gradually slowed down. | would exptferent results at zero g.

Rocket Product of Inertia

| frequently hear the comment that POI is not ingoatr for rockets that do not spin. It’'s true that
the principal axis is not a critical issue in thése, but POl does have
several effects.

Consider the rocket shown along the left margithsf page. The red
weights have been added to simulate a productesfignunbalance.
Since they are equal in mass and located equidlistan the CG, the
CG position remains unchanged. However, whendbket tilts about
its CG to change the direction of flight, a couiglereated, causing the
rocket to rotate. The rocket will want to rotabmat its principal axis,
resulting in a coning of the rocket and increasedd

Spin stabilized rockets will tilt to align with threinor axis along the
length of the rocket. This results in an “andlénalination”. Given a
T certain product of inertia, the amount of tilt (“Afegrees) is related to
the moment of inertia difference between the mapa minor axes by
the following formula, where g, l,y, and }, are in the same units.

A =Y arctan[2P wy/(lyy-lxx)]




Measuring weight and center of gravity of a satelli ~ te on a Space Electronics WCG Series machine



Measuring moment of inertia and center of gravity o f a satellite on a Space Electronics instrument
(the instrument is mounted in a pit under the floor to give maximum height capability and to
simplify loading the satellite on the instrument)



Second stage

Most satellite launches require at least two stad@ben the first stage runs out of fuel,
explosive bolts release the second stage, whichigmtes. Second stage motors may use a
different technology than the first stage. Becaafde greatly reduced mass, this second stage
should have a lower thrust to prevent excessivaad bn the satellite. Since the second stage is
not flying in a dense atmosphere, it does not haveve an aerodynamic shape, and there is
little concern that protruding objects will be daged by windage forces.

The second stage will have enough fuel to put #tellge into orbit, but this may be a temporary
orbit that has to be modified by the rocket motorthe satellite.

Injection into the approximate desired orbit
Achieving orbit depends on two factors:
1. Reaching the desired altitude above the earth

2. Achieving the minimum velocity parallel to tharth to sustain orbit

The speed needed to orbit the earth depends aittiuele, according to Kepler’s formula:
V=sqrt(g*R"2/(R+h))

whereV is the velocity for a circular orbigy is the surface gravitational constant of the Earth
(32.2 ft/sec™2)R is the mean Earth radius (3963 miles), hns the height of the orbit in miles

The higher the altitude, the lower the requiredeiy parallel to the earth. For example, to
orbit the earth at an altitude of 100 miles, a gjoof 17,478 MPH is required. A geostationary
orbit at an altitude of 22,236 miles requires aeiy of only 6877 MPH. At this height above
the earth, the satellite orbits the earth once8im2 56 minutes 4 seconds--the same rotational
period as the earth, so the satellite constanthanes overhead of a fixed point on earth. (For
you non-astronomers, the rotational period of @ugheis not 24 hours. The extra 3 minutes and
56 seconds on an earth based clock compensatigfatation of the earth about the sun, so
that the sun is always directly overhead at noon.)



Establishing the final exact orbit

Generally the result of launch is that the orbeligtical
rather than the desired circular orbit. An addiéibstep is
then required to “kick” the craft into a circularbit. By
firing a rocket motor when the orbit is at thgogeeof its
orbit (its most distant point from Earth), and ajpd
thrust in the direction of the flight path, therigee
(lowest point from Earth) moves further out. Thsuleis a
more circular orbit. Small “vernier” rocket motaralled
thrusters can then be used to precisely positien th
satellite. These attitude control rocket motorsstatellites
and space probes are often very small, an incb or s
diameter, and mounted in clusters that point iressv
directions.

Importance of aligning thruster center of thrust with
satellite CG

If a thruster is to be used to translate the positif a
satellite, then it is essential that it act dirg¢kirough the
CG of the satellite. Otherwise the satellite wpin rather
than move in a straight line. It is often difficto
establish the relationship between the nozzle dameand
the CG measurement of the satellite. A novel netho
described below, using a special test weight thatserted
directly into the nozzle cone.

The "Boynton Method" used to measure CG to thrust
centerline directly is:

I Determine the center of thrust of the steerindsebc

motor. This may not be exactly in the center efilozzle,
particularly if the rocket motor body is at rightges to the nozzle. This quantity can be
determined by mounting a motor on a rocket thrtestid such as those manufactured by
Space Electronics. The rocket motor is then faed the thrust misalignment is
measured



I Construct a precision calibration weight whicls firecisely in the nozzle of the thruster and
whose CG is at the nominal center of thrust of tyy® of motor.

I Measure the CG of the satellite with this weighpiace. Remove this weight and
make a second measurement. Then remove thetsatiein its test fixture and measure
the tare CG. By subtracting the tare measurement fhe measurements of the satellite,
the CG position of the satellite can be determinBy.subtracting the measurement of
the satellite from the measurement with both stgedhd calibration weight, the CG
position of the precision weight can be determinddhe CG of the satellite is in the
same location as the CG of the weight, then thesths aligned with satellite CG. If they
are different, then this difference is the thrugdatignment error. This method takes into
account all the many dimensional errors that cast @ the mounting structure of the
thruster. It measures what you want to know diyect

In order for this method to work, it is necessamythe nozzle weight to be much larger than the
opening in the nozzle. We have made these weygkitsa tooling ball which fits in the nozzle,
attached to extension arms to support the weighi® total structure is adjusted so its CG is
precisely at the center of the ball. In this widng weight can be placed in any orientation



relative to the nozzle. {This process is descrilmeghore detail in SAWE Paper No. 2174
“Measuring the Mass Properties of the Brilliant PlasbSatellité by Richard Boynton.}

Fuel in tanks and pipes

In this illustration, the fuel tanks
and the piping are significantly
offset from the centerline of the
vehicle. To evaluate the effect of
fuel mass, it is recommended that
the satellite CG and MOI (and in
some cases POI) be measured with
the satellite dry and then again with
both the tanks and the fuel lines
filled with fuel. This will provide data for thenange in mass properties as fuel is consumed in
flight. If the design is ideal, the CG will notiitsignificantly when fuel is used up (the MOI
will always decrease). Fuel mass is a major faafi@cting mass properties for many satellites
and cannot be ignored.

Attitude Control

The previous discussion has been concerned_witliggosontrol-- placing the satellite into the
desired nominal orbit. Attitude controbncerns the angular orientation of the satellite.

For orbiting satellites, generally the position@ecy required is not particularly high, and in
fact the satellite will gradually drift from its pion due to the small drag from the very thin
atmosphere, solar wind against the solar panels,Weekly or monthly boosts may be required
from thrusters on the satellite to restore its fpmsi The Hubble Telescope drops back toward
the earth by about 150 feet a day, but has no endstcause the resulting gas would surround
the telescope and might coat the mirror with a fin, blurring the image. If the Space Shuttle
doesn’t push it back into orbit when it makes i@nped repair trip, then the Hubble Telescope
will burn up in the atmosphere sometime betweer0201d 2030.

In contrast with position control, attitude contretjuirements can be extraordinarily high. For
example, the Hubble Telescope requires a pointtegracy of 0.007 arc second (2 millionths of
a degree)—equivalent to the width of a human haardistance of one mile, or getting a hole in
one when driving a golf ball from the east coadhef USA to the west coast.

Forces disturbing a satellite’s attitude  Even though a satellite in orbit is flying almost
pure vacuum, there are some subtle forces actingtat disturb its position over time. Any
magnetic objects in the satellite are attractethécearth’s magnetic field, which varies as the



satellite orbits the earth. Gravitation attractadso varies, since the earth is not a perfectiyndo
sphere. These effects are particularly importantdwer altitude orbits (i.e. 200-400 miles)
where many spy satellites are located. The Hubblescope is also located at a low orbit so it
can be serviced by the Space Shuttle. Anotheurthance in low earth orbit is the residual
atmosphere dragging on the solar panels.

At a high orbit, such as the geostationary orb@3236 miles, these effects are smaller.
However, solar wind acting on the solar panelsraads position changes within the satellite
itself due to rotation of antennas or telescopesdisturb the attitude of the spacecratft.

Reasons for needing attitude control Most satellites point either a telescope or anrarge
toward earth. As the satellite makes its way adidine earth, it must rotate to continue to face
the earth. Furthermore, if the satellite usesrqmdaver, it must turn its solar panels so they
continuously face the sun. Unless some methothgayed to control attitude, the rotation of
the mass of the solar panels will produce an opmgositation of the satellite.

The following sections describe different methoflatdtude control. Many satellites use more
than one of these methods.

Passive Attitude Control Most current satellites use closed-loop servomdshento maintain
pointing angle.However in the early days of the space program, two open toethods were
used to control attitude: spin stabilization anavifly gradient stabilization. There is a renewed
interest in some of these methods.

Gravity Gradient Stabilization is the simplest of all methods. Basically it astsof providing

a long thin structure that is large enough softtiaforce of gravity is significantly larger at the
end closest to the earth, so that the spaceceftdpontaneously orients itself so that the axis of
minimum MOI points toward the gravitational centéthe earth. No fuel or apparatus is
required. This stabilization technique works wetlthe earth’s moon, since it is large and rigid.
It has not worked well for artificial satellitesgetause there is essentially no damping in space
and the satellite oscillates like a pendulum (tresater the ratio of minor to major MOI, the
longer the period). One solution has been taehttathin cable to the satellite and tether a mass
toward the earth. A closed loop control mechargsamthen vary the effective attachment point
and damp the oscillations (but the major advantddeeing passive is lost). The Chinese have
been experimenting with adding an aerodynamic ltabifor satellites in low earth orbit, where
gravity gradient is higher and atmosphere is den8aother method to overcome the
oscillations is to add a viscous damper, a smallaraank of fluid mounted in the spacecratft,
possibly with internal baffles to increase interfiadtion. Friction within the damper will
gradually convert oscillation energy into heat igiated within the viscous damper. As this
system has two stable states, some way is requuriig the satellite and its tether end-for-end if
needed.



Spin Stabilization is an ancient technology—hundreds of years agongamufacturers
discovered that spiral grooves in a rifle barrebldocause the bullet to spin and improved the
accuracy. The first American satellite—Explorarl1958—spun around its long axis. In
addition to defining its
position, this spin was
supposed to create
centrifugal force to make
the wire antennas extend
out from the body of the
spacecraft. Much to the
surprise of JPL engineers,
the spun object began to
cone after launch and was
soon tumbling end over
end. What the engineers
hadn’t realized was that
bullets obtain stabilization
because their center of pressure is aft of their @6 object in space has no aerodynamic
stabilization and will rotate about either its mimw major axis, but it favors the axis of major
MOI because this axis results in minimum kinetiergry. We have a demonstration of this at
our Mass Properties Seminars at Space Electrohisrotate a yoke in a spin balance machine
with a long cylinder pivoted at its CG. The cylerds spun in a vertical orientation about its
long axis. It maintains this position for a shirie and then suddenly flops over into a
horizontal orientation.

Spin stabilization is still used for certain typgsspacecraft. The rules for this technique are:

1. Spin about the major principal axis, not theeniaxis. This means that the satellite must be
short and fat (not convenient for launch, since the
rocket is long and thin).

2. Dynamically balance the spacecraft so that the
product of inertia is small. The angle of inclioat

of the spacecratft is a function of the difference
between the major and minor MOI. If you want to
stabilize the vehicle and have it resistant to the
effects of product unbalance, make the difference i
moment of inertia as large as possible.

A variation on the spin stabilization techniquéas
use a two section satellite, connected by a bearing
One section spins to provide stability. The otiker



stationary and adds to the axis MOI to make the spis into the principal axis with highest
MOI. One feature of this design is that is fit;eeniently into the outline of the launching
rocket.

Active (Closed-loop) Attitude Control

The techniques discussed previously provide enattifhde control to allow a broad band
antenna to point toward the earth. However, thieynat accurate enough for applications
involving a telescope or a parabolic reflectorosgld loop control requires three elements: a
sensor to determine the current attitude, a compaoitgetermine the error between the desired
and actual attitude, and a torque device commahgélde computer to change the attitude of the
satellite.

Since this is a three dimensional problem, usiatllgast three sensors are required. These can
be gyroscopes, a sun sensor, an earth horizonrsams@on sensor, a star tracker, etc.
Obviously, sensors for astronomical instrumenth ascthe Hubble Telescope have
extraordinary accuracy, whereas as spy satelhegsstan large areas without specific pointing
can use less accurate devices.

The computer must be programmed to command thed¢argvices to correct the pointing error.
Like all servomechanisms, overshoot and instabdléy be a problem. In order to anticipate any
problems in orbit, Space Electronics has develdppdce simulators” that float the satellite on a
thin film of air, simulating the frictionless engimment of space. These are discussed in SAWE
Paper No. 2297Using a Spherical Air Bearing to Simulate Weighghlessdy Richard Boynton.

The torque devices can be small rocket motorsy$iers”), magnetic devices that couple to the
earth’s magnetic field, or momentum wheels thatenage of Newton’s laws of conservation of
momentum. These devices are discussed in theviolipsections.

Attitude control using small thrusters In the previous discussion of satellite positibn
emphasized the importance of thruster alignmerit thi¢ satellite CG. Far attitude contrivlis
important that a thruster not be aligned with thiellite CG in order to create a turning moment.
Micro-thrusters can be used to intentionally createoment in order to realign the satellite or to
unload a momentum wheel (see discussion of momewiueels in later section). Typically an
attitude control thruster supplies a few millisedquulse of energy. The effect is like tapping the
satellite with a small plastic hammer. A few set®fater, an opposing tap is given to stop the
satellite in its new position. The simplest thengiype uses compressed gas such as nitrogen.
This is not very efficient, since the specific inlgmi(exhaust velocity) is low compared to other
methods, so that a relatively larger volume andsneagequired. A more common type of
attitude control thruster uses hydrazine as a flieke hydrazine is controlled by a solenoid




valve, which emits a millisecond pulse of hydrazine nozzle containing a catalyst. The
hydrazine spontaneously ignites when it comes imazt with the catalyst.

Thruster control is essentially a digital proce$se smaller the pulse, the finer the control can
be. One serious drawback of this method is thaitiires fuel to accomplish its goal. When the
fuel runs out, the satellite has reached the eriis ifetime. This is not true of reaction wheels
which get their power from the sun (discussionhis technique follows).

Another drawback of thruster control is that thessproperties of the vehicle change as the fuel
is consumed. If opposing thrusters are fired iinsp&G shift can be minimized, and pure
rotation results. If hydrazine is used as a fued,MOI of the vehicle is dependent on
temperature, since the fuel becomes more viscolesvademperatures.

Magnetic Stabilization The earth’s magnetic field can be used to steatalise. Long steel
rods wound with fine wire form electromagnets thiag used
to pull the satellite toward the earth. The p®acan be
reversed to push the satellite away. Since theseftset
from the satellite CG, they cause the satelliteotate.

Momentum Wheels

This is one of the most elegant and
accurate methods of attitude control.
Momentum wheels take advantage
of the laws of conservation of
momentum. Changing the speed of
a wheel causes the satellite to
respond by turning in the opposite
direction to the change. Since the
momentum wheel has a very small
MOI relative to the satellite, and its
speed can be controlled with digital
precision, extremely fine attitude
control is possible.



In its best implementation four wheels are uselre& are mounted at right angles, so that each
axis of the spacecraft can be controlled indepethgeihe forth is oriented so that it can be
used to replace any of the other three in the evkfatilure. In this instance, there will be an
interaction between axes, requiring more complexrob

If the speed of the wheel is increased in a pddialirection, the satellite will rotate in the
opposite direction. Conversely, decreasing thed ot the momentum wheel causes the satellite
to rotate in the same direction as the momentunelvh&bsolute speed does not have an effect
on satellite position; it is only the chanigespeed that matters. Theoretically the momentum
wheel can be at a standstill and then be maddaterm either direction. However, practical
problems such as static friction and hysteresisrfaperating the momentum wheel at a constant
speed and then increasing or decreasing this dpdadaintaining the same direction of rotation.

The angular momentum of an object is the produdsahoment of inertia and its angular
velocity:

L =1

In the general case, these variables are vectatitjga. However, since the reaction wheel
control concept incorporates three reaction whebish are mounted at right angles to each
other to coincide with the three axes of roll, pjtand yaw, we can consider each rotational
motion separately as a linear variable. Therdvaoeangular momentums for each axis: the
rotation of the spacecraft about a particular éugh as roll), and the rotation of the
corresponding momentum wheel aligned with that.aXise momentum wheel is driven by an
electric motor, usually powered by solar panets.speed is controlled by a computer. The law
of conservation of angular momentum is the rotai@guivalent of Newton’s second law.
Applied to a satellite in space it states thatehemo net momentum gain or loss unless acted on
by an outside force. The satellite has a momemuento its moment of inertia and speed, and
the attached momentum wheel has a separate momeneito its much smaller moment of
inertia and much higher speed. Therefore,

lg* 51+|m* mi=ls* 32+|m* m2

wherel gis the MOI of the total spacecraft (including thass of the momentum wheel acting

through the center of rotatior), is the MOI of the rotating disc of the momentum ehe
system, g is the initial angular velocity of the satellitefbee correction, ; is the initial
angular velocity of the momentum wheel before adrom, and s;and ., are the
corresponding angular velocities after correction.



If the satellite is rotating due to disturbing urdhces and you want to stop its rotation, then the
momentum wheel can be used to absorb the momerftthe spacecraft platform to prevent it

from rotating. In this case, 5= 0. The equation then becomes

Is* 9T In* mi=Inm

*

m2

or

ls* 51=|m{ m2 - m1}

Note that momentum wheels only cause rotationtraoslation, and that this rotation is about
the CG of the satellite.

This method works smoothly when corrections areraditely in opposite directions. However,
when corrections must be made in the same diredtienwheel eventually reaches its maximum
safe speed or approaches zero, at which point aténtum dump” is required. This consists of
slowing or speeding up the wheel and simultaneoesigloying some other means (such as
thrusters or magnetic actuators) to counteracetteet of changing the speed of the momentum
wheel.

Because of the extremely high speed, these whaedsme balanced to a high degree of
precision to minimize vibration, which would blutelescope’s image. These wheels are among
the most likely devices in a satellite to fail, grthey operate at such a high speed. Some of
them use magnetic bearings, which are non-contactime read that others use ball bearings
whose balls are coated with diamond dust to miremmiear. Currently the Hubble telescope

has several failed momentum wheels. Another satédist a key momentum wheel, but
engineers were able to restore operation by rayi$ia software to use magnetic actuators in
combination with the remaining momentum wheels.

The rotational equivalent of Newton's Second Lath& the net torque acting on an object is
equal to its moment of inertia times its angularederation.

t=1a
where
t is the net torque.
| is the moment of inertia.
a is the angular acceleration.



Constant angular acceleration is equal to the ahangngular velocity divided by the time it
takes to change.

a=Dw/ Dt
a is the angular acceleration
Dwis the change in angular velocity
Dt is the elapsed time.

Control Moment Gyros (“CMG’s”)

If a high speed flywheel is mounted in a gimbalssembly, then the angular position of the flywheel

bearing can be altered, causing the satellitertorelative to the flywheel, whose position is fixi@
space. This direct method has the
advantage that the flywheel always turns
at a constant speed, so that no
“momentum dump” is required. The
power efficiency is higher than
momentum wheels. The disadvantage of
this method is that precise motion of the
gimbaled structure is hard to achieve.
Backlash in the gimbal position drive
gears, small aberrations in the gimbal
bearings, and other mechanical
limitation cause the gimbal position to
jump unpredictably rather than move in a
smooth manner. Furthermore, the
mechanical structure is relatively heavy
and is less reliable than other methods of
attitude control. The Skylab, MIR, and
International Space Station all use this
concept for attitude control.



Conclusions

This paper gives a general overview of some oftkéhods of controlling rocket and satellite
position and attitude. Since the spacecraft igstnained in space, mass properties define its
position and motion. Evaluation of mass propelisesomplicated by the presence of liquid fuel,
whose effective MOl is related to the shape offtlet tank, the presence or lack of baffles, the
viscosity of the fuel, and the amount of fuel renag. Fuel is carried to the thruster nozzles via
piping that often is located near the circumfereoicihe satellite, making the effect of fuel mass
in the pipes more significant in affecting both M&1id CG. The dry weight of this piping is
considerably less than when filled with fuel. THemo guarantee that the piping is symmetrical
about the CG, so CG may shift when the pipes filhviuel. Engineers are cautioned to measure
rockets and satellites in a dry and wet conditismce fuel mass can be as high as 85% of total
vehicle mass and can be the dominant contributtt@ and CG location. Although mass
property measurement adds another step to thec&iom process, the consequences of not
making a measurement can be catastrophic—the gpficedssion can fail, with the spacecraft
endlessly tumbling end over end or not reachingetsred orbit, resulting in hundreds of
millions of dollar lost, and the mission delayed years.



