RICHARD B. KERSHNER

TECHNICAL INNOVATIONS IN
THE APL SPACE DEPARTMENT

This article discusses several APL contributions to spacecraft design, viz., Doppler tracking, mag-
netic torquing, yo-yoing, gravity-gradient stabilization, magnetic spin-despin, dual-spin stabiliza-

tion, and DISCOS.

Since its earliest beginnings in 1958, the APL
Space Department has designed and built 44 com-
plete satellites (Fig. 1). In addition, it has provided
scientific instruments and other special devices for a
number of satellites that were primarily designed by
others. In this latter category are numerous Doppler
beacons, a large variety of particle detectors, ultravi-
olet spectrometers, and a precision radar altimeter
for the Seasat program. Finally, in connection with
the development and establishment of the Navy
(NNss; also known as Transit) Navigation Satellite
System, which was the original raison d’étre for the
Department, it has designed and built ground sta-
tions and user navigation equipment in a variety of
styles.

Most of this work, particularly NNSS and its scien-
tific results, has been amply documented.' The scien-
tific experiments have been particularly productive in
contributing to an understanding of the solar wind
and its interaction with the magnetic fields of the
earth and Jupiter and of the source of other hot
plasmas in the near-Jovian space.’

For a relatively small organization and budget, the
program of the APL Space Department has been re-
markably productive in introducing and reducing to
practice a considerable variety of simple and effective
(though not widely known) technical approaches to
the solution of spacecraft problems. It is the purpose
of this article to describe some of these techniques
and place in perspective their significance to space
technology as a whole.

DOPPLER TRACKING

Probably the single most significant technical ad-
vance produced by the APL space program was in-
venting and reducing to practice the use of Doppler
measurements by ground stations of signals received
from near-earth satellites as a means of determining
the orbits of the satellites. In fact, the discovery by
W. H. Guier and G. C. Weiffenbach that they could
determine the orbit of the Russian Sputnik from
Doppler measurements made on a single pass over a
receiver at APL led to the invention (by F. T. Mc-
Clure) of the Transit concept and the establishment
of the APL Space Department.
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It is not true, in general, that a specification of the
Doppler shift as a function of time is sufficient to
determine the path of a transmitter moving through
space. A transmitter in an aircraft, for example, has
basically three degrees of freedom for its path, and
the Doppler shift determines only the rate of change
of the direct line-of-sight distance between the trans-
mitter and receiver and thus poses a single constraint
on the three degrees of freedom of motion. However,
an artificial satellite of the earth already has a large
number of constraints, implicit in the statement that
it is an earth satellite. For example, its path must lie
(nearly) in a plane that also contains the center of
mass of the earth. A complete orbit of a satellite is
determined by specifying a time; the coordinates x, y,
z of a point in space that the satellite occupies at the
given time; and the components X, y, z of the velocity
vector at that point. These parameters adequately
specify a set of initial conditions for the solution of
differential equations governing the motion of the
satellite (Newton’s law of motion).

What Guier and Weiffenbach did was to choose
arbitrarily a set of initial conditions, i.e., a set of val-
ues (x, v, z; X, ¥, z); numerically solve the differential
equation of motion; calculate the rate of change of
the line-of-sight distance between the satellite posi-
tion and the position of the receiver on the ground;
and then repeat this process with other assumed ini-
tial conditions until a best agreement was reached be-
tween the calculated and measured Doppler shift.
Neither the existence of a convergent process nor the
uniqueness of the answer is obvious, and the validity
of such a technique remained controversial for some
years in spite of well-demonstrated success. NASA in
particular, was reluctant to believe these results. It
was only some years later that they introduced a sys-
tem that employed Doppler measurements of near-
earth satellites but then only in conjunction with
range measurements in the so-called Goddard range
and range-rate system. This is even more surprising
in that the NASA group at the Jet Propulsion Labo-
ratory who had responsibility for interplanetary
probes did, indeed, recognize the convenience and
accuracy of Doppler measurements for determining
the orbits of these deep-space objects with extraordi-
nary precision.
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Perhaps the reason for the slow acceptance of
Doppler tracking for near-earth satellites was that
there was one very important class of satellites where
the technique did not work well, namely, the so-
called stationary or geosynchronous satellites that
have been so important in satellite communications
systems. In the particular case of a purely equatorial
satellite with an exact sidereal-day orbit period, the
satellite appears to hover over a fixed spot on earth
and the Doppler shift is to zero. While it establishes
that the satellite is geosynchronous, it gives no infor-
mation on the specific location of the satellite or of
the subsatellite point. However, it can now be stated
unequivocally that Doppler tracking has proved the
cheapest, most convenient, and most accurate
method for determining the orbit of a spacecraft that
is either substantially below or substantially above
the geosynchronous altitude of 19,320 nautical miles.

The accuracy of Doppler tracking was not gener-
ally recognized for a number of years. A major rea-
son for this slow recognition was the lack of an alter-
nate method with an established accuracy to use as a
reference. The basic NASA Minitrack system was not
intended for high accuracy, and errors in prediction
of position at a fixed time were measured in tens or
even hundreds of kilometers. The Air Force was fir-
ing very low altitude classified satellites (Discoverer
series) with a reasonably accurate tracking system
and carried out some tests with Doppler tracking
with comparable but not clearly superior results.

We now know the reason for the somewhat disap-
pointing results of these early tests. First, there is the
fact that at altitudes of only a few hundred miles the
air density (and hence the drag effect on the satellite
orbit) is widely variable and unpredictable. Air den-
sity at these altitudes varies by more than an order of
magnitude in response to unpredictable changes in
solar activity. Second, a satellite very close to earth
responds to the variation in density or shape of the
earth (gravitational field variations), which proved to
be much more complex than was generally expected.
It took about five years to determine a mathematical
model of the earth’s gravitational field that was suffi-
ciently accurate to permit orbit determinations by
Doppler measurements to meet consistently our in-
itial goal of quarter-mile navigation accuracy with
Doppler tracking.

The results of the very first APL satellite, Transit
1-A, were extremely encouraging in spite of the fact
that a launch vehicle failure precluded a long-term
orbit. Transit 1-A was fired from Cape Canaveral
northward off the United States east coast on a tra-
jectory making a 50° angle with the equator, and it
reached the intended operational altitude. At this
point a final launch-phase rocket was supposed to
fire to provide a sufficient velocity increase to circu-
larize the orbit at that altitude. It failed to fire, and
the satellite reentered the earth’s atmosphere and
burned up somewhere off the Irish coast. Thus Tran-
sit 1-A was short-lived. But for about 20 minutes
from the end of rocket thrust to reentry into the
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atmosphere it was technically ‘‘in orbit,”” i.e., in a
ballistic trajectory, controlled primarily by gravita-
tional attraction of the earth. During these 20
minutes, Doppler data were obtained at APL and at
a receiving station established at Argentia, New-
foundland. A 20 minute segment of Transit 1-A’s
““orbits”’ could be determined by an analysis of the
Doppler data as measured at two ground stations.
Best of all, during most of this period there was a
quite independent and relatively accurate means of
determining the satellite position, namely, tracking
radar from Cape Canaveral. The Doppler analysis
was done, and the satellite position determined in this
way was found to agree with the radar tracking data
to about 0.1 mile, which was roughly the accuracy ex-
pected of the radar data. This was highly encourag-
ing and demonstrated the fundamental soundness of
the Doppler tracking concept.

In April 1960, the second Transit (1-B) was
launched, and this time it achieved an orbit that did
not intercept the earth. Although it had the very low
perigee of 382 km and an apogee of 760 km, it func-
tioned perfectly for 89 days before a thermostat
failure destroyed the power system. By this time there
was a substantial ground network of tracking sta-
tions including Austin, Tex.; Las Cruces, N. M.;
Seattle, Wash.; and Farnborough, England, in addi-
tion to APL and Argentia.

Data were reported regularly back to APL, and an
orbit was determined every day or two. At first the
results were very disturbing. Changes of as much as 1
km in apogee radius occurred in as little as 2-day time
periods, which seemed surprising even with the very
low perigee. Worst of all, for the first month the
apogee radius persisted in increasing, changing from
7125 km in late April to a high point of over 7128 km
a month later.

A satellite with a low perigee should suffer sub-
stantial loss in velocity due to drag as it swings
through perigee, thus reaching a lower apogee radius
the next time around. What we expected was a grad-
ual, relatively slow decrease in the apogee radius.
There was no immediate explanation for an increas-
ing apogee radius. Fortunately, continued tracking
clarified the situation, as seen in Figs. 2 and 3. The
apparent apogee radius increase during the first
month was only the rising side of a sinusoidal oscilla-
tion in apogee radius fluctuating around the expected
linear decrease due to drag. Specifically (Fig. 4), the
semimajor axis showed a steady decrease. There was
thus no mysterious force adding energy to the orbit.
All that was happening was a redistribution of the di-
vision of the major axis into a perigee radius and an
apogee radius due to a sinusoidal motion of the focal
point of the ellipse, reflecting an oscillatory variation
in eccentricity of the ellipse.

The most revealing fact that emerged from almost
three months of tracking was the period of the sinu-
soidal variation. It corresponds exactly with the pe-
riod of the precession of perigee, i.e., the period of
the tumbling of the major axis in the orbit plane.
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Fig. 1—APL Space Department satellite program, 1959-1979.
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Fig. 2—Apogee radius from the center of the earth for
Transit 1-B. Each dot in this figure is based on an indepen-
dent determination of the orbit derived from data spanning
the specific time period. The data are reasonably approx-
imated by the smooth curve that is a graph of the empirical-
ly determined equation,
Ra = 7131.79 — 0.151n + 6.03sin 0.004079 (n — 314).

Thus the variation of apogee can be described as a linear
decrease with a superimposed sinusoidal variation.
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Fig. 3—Perigee radius from the center of the earth for
Transit I-B. As in Fig. 2 each dot is based on the results of
an independent orbit determination. The smooth curve
represents the empirical formula,

Rp = 6745.57 — 0.00297n + 5.41sin 0.004079 (n + 456).

This fact clearly demonstrated that the orbit behaved
differently when perigee was in the northern hemi-
sphere than it did when perigee was in the southern
hemisphere.

It could be most plausibly explained by assuming a
north-south dissymmetry in the earth’s gravitational
field. In fact J. O’Keefe of NASA/Goddard Space
Flight Center (GSFC) had announced a few months
earlier, based on long-term tracking of NASA satel-
lites, evidence of such a north-south dissymmetry in
the form of a pear-shaped term in the earth’s field.
To understand what this means, one should start
with the fact, known since the time of Isaac Newton,
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Fig. 4—Semimajor axis of Transit 1-B. This curve is an
average of the curves in Figs. 2 and 3 (the semimajor axis is
one-half the sum of the apogee and perigee radii). The
sinusoidal variation almost disappears, and the change in
semimajor axis is a nearly linear decrease with time, due to
drag.

that the earth is very nearly an oblate spheroid, a
body of revolution formed by rotating an ellipse
about its minor axis. O’Keefe’s pear-shaped term
reflected a slight departure from a perfect oblate
spheroid that featured a slightly depressed north
pole, a somewhat increased radius at mid-northern
latitudes, a decreased radius at mid-southern
latitudes, and a slightly elevated south pole. Actually
such a departure from north-south symmetry had
been earlier detected by Worzel of Lamont from a
study of extensive gravimeter data, but his findings
were not generally accepted. This refinement of the
earth’s gravity field explained the seemingly strange
Transit 1-B tracking data beautifully; in fact, we
were able to improve slightly on O’Keefe’s quan-
titative determination of the pear-shaped term in the
earth’s shape.

The Transit 1-B results proved two crucial facts:
(a) accurate determination, and especially prediction
of satellite orbits, required a greatly improved deter-
mination of the earth’s gravitional field; and (b) the
tracking of low altitude satellites provided an unprec-
edented and powerful means of making this needed
improvement.

At that time (circa 1960) there was fairly wide-
spread recognition that artificial satellites provided a
powerful new attack on the ancient problems of ge-
odesy. But there was by no means any consensus on
the most fruitful technical approach. The Army Map
Service outlined an ambitious program to determine
the location of a very large number of benchmarks —
globally distributed — using satellites only as simul-
taneously intervisible points to span wide bodies of
water and using a specific electronic ranging method
(known as SECOR for SEquential collation of Range)
as the measurement technique. The Air Force fa-
vored a system of photographing satellites (contain-
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ing a flashing light) against a star background and us-
ing angle measurements, again using the satellites
only as simultaneously intervisible objects. Shortly
thereafter laser ranging (more accurate than SECOR)
was introduced. Only the Navy program and some
NASA efforts tried to determine the earth’s field by
observing its dynamic effect on satellite orbits (this
became known as dynamic geodesy). A number of
satellites (most of them built by APL), such as Anna
1-A and Anna 1-B in 1961, Geos-1 in 1965, and
Geos-2 in 1968, were launched to determine which of
these techniques would yield the best results. It
turned out that dynamic geodesy using Doppler
tracking proved the most powerful. It was not ob-
vious that this would be so. Some of the alternate
methods, particularly laser ranging, provided in-
dividual measurements of greater accuracy, but the
great virtue of the Doppler approach was that every
pass of a satellite over every ground station provided
a wealth of data of very good accuracy without any
weather or time-of-day limitations. Laser ranging re-
quired ideal skies. The flashing-light photography re-
quired clear skies at night. Such limitations tended to
bias the data.

By 1964, APL had developed a sophisticated
model of the gravitational field of the earth in the
form of an expansion in spherical harmonics (a three-
dimensional analog of a Fourier series) that was suf-
ficiently accurate to make possible our goal of better
than 0.1 mile navigation at sea. This model was based
solely on the analysis of Doppler tracking of a variety
of APL satellites. At that point the gravitational-
field knowledge was no longer a limiting factor in the
navigation accuracy achieved at sea, which instead
was dominated by orbit prediction errors caused by
the inherent unpredictability of drag and the effect of
errors in the estimate of ship’s velocity. Continued
geodetic work would not contribute to our primary
task of providing at-sea position fixes for the Polaris
submarines. At this point, responsibility for future
geodetic refinements was transferred to NSWC/
Dahlgren (which had already been working in this
area in parallel with APL).

By 1972, the various geodetic efforts of the armed
services were merged, creating the Defense Mapping
Agency. Dynamic geodesy, based on Doppler track-
ing and Transit navigation, had become the official
standard for geodetic progress. Today it is recog-
nized internationally as the standard means for
global survey. International disputes, such as the line
through the North Sea separating Norwegian oil well
claims from those of the British Isles, are settled by
Transit surveys. At a meeting in Las Cruces in 1976,
the only serious dispute was one between those who
thought that the accuracy of the Transit survey posi-
tion was 1 meter and those who thought it was 30 cm.
To put this in perspective, it should be mentioned
that in 1959, at the start of the Transit program, the
location of Australia was wrong by several thousand
meters.

Starting in 1959, the accuracy of Doppler tracking
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was recognized by the Air Force, which was launch-
ing a large number of very-low-altitude classified sat-
ellites for which they needed very accurate orbits.
Then APL was asked to provide Doppler beacons to
be carried by these satellites and simplified ground
receiving stations, called Geoceivers, to be dispersed
in critical locations. Since that time, APL has pro-
vided 20 Doppler beacons for Air Force host vehicles
and other low altitude satellite programs. Still more
recently we have developed for the Defense Mapping
Agency a satellite-borne Transit receiver that mea-
sures Doppler from as many as four Transit satellites
simultaneously and relays the data to the ground, en-
abling an orbit determination without the effort and
expense of a Geoceiver network. Doppler tracking
has truly come of age.

MAGNETIC TORQUING

Until 1959, only two types of attitude control had
been demonstrated for artificial satellites. The first
and simpler of the two was spin stabilization. When
enough spin was imparted to the satellite to provide
gyroscopic stabilization, the direction of the spin axis
was fixed in inertial space. This was used even for the
early meteorological satellites even though it meant
that most pictures taken failed to show the earth. The
other system, used primarily in the manned space
program, was the use of attitude control jets to pro-
vide appropriate torques to obtain the desired at-
titude.

APL felt that the use of control jets was incompat-
ible with our goal of a five-year lifetime. Our choice
of Doppler tracking as the primary measurement
technique ruled out spin stabilization since spin
would impart a modulation and, hence, a frequency
sideband indistinguishable from the Doppler shift.
As a stopgap, our early satellites after Transit I-A
were magnetically stabilized by incorporating a fixed
magnet in the satellite that would cause it to line up
along the earth’s magnetic field lines. This had the
virtue of pointing one specific side of the satellite
toward the earth in the northern hemisphere. It is
true that the other end would point earthward in the
southern hemisphere, but, since at that time no
ground stations were located in the southern hemi-
sphere, magnetic stabilization served our purposes
for a while.

Some means of damping was required to make
magnetic stabilization stable. At the suggestion of R.
E. Fischell, this problem was solved very simply and
ingeniously by the use of ‘‘hysteresis rods,”” i.e.,
long, thin rods of a readily magnetizable material
that exhibits substantial magnetic hysteresis. This
means that the present state of magnetization is
partly controlled by its former state so that there is a
tendency to reflect the magnetization of the earth’s
field where the satellite has recently been. For such
materials, if the rod is slowly rotated through a com-
plete revolution, the torque will not be zero on aver-
age but instead will have a specific nonzero value and
a direction that depends on the direction of rotation
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of the rod. The basic law governing the behavior of a
rod of high-permeability material with hysteresis,
rotating in a magnetic field, is that, for every com-
plete revolution of the rod, a fixed amount of energy
is dissipated in the rod. This amount of energy is the
area of the standard hysteresis loop. Thus the rate of
energy loss is proportional to the angular velocity, or

d 1
— [ =Io* | = const. X w,
dr \ 2

whence
I = const.

It is seen that incorporation of such a rod in a satel-
lite produces a constant retarding torque opposing
any rotation. The fact that this opposing torque re-
mains constant in value even for very slow rotation
makes the use of hysteresis damping very effective at
low angular velocities. Magnetic stabilization worked
extremely effectively in our early satellites.

THE YO-YO

A special problem was posed for the early Transit
satellites by the fact that the launch vehicle had a
spinning final stage. The satellite was placed into or-
bit with a substantial spin rate, and it was necessary
to find some means to remove this spin angular mo-
mentum before magnetic stabilization could be ac-
complished. The device chosen to accomplish this re-
ceived the name ‘‘yo-yo.”’

Consider a disk-shaped satellite spinning about the
axis of the disk. Assume that a wire has one end
fastened to the circumference of the disk; it is then
wrapped about the circumference in a direction op-
posite to the direction of rotation. A weight is at-
tached to the outer end of the wire and held against
the circumference. At a given instant the weight is re-
leased. It swings out under centrifugal force and,
through the wire, exerts a retarding torque on the sat-
ellite. In practice, two diametrically opposite weights
and wires are released simultaneously to avoid trans-
verse forces on the axis of the disk. However, for
simplicity we will consider the case of a single weight
and assume the disk axis is fixed.

The geometry of the situation after release of the
wire is shown in Fig. 5, where ¢ is the angle turned by
the satellite after release of the weight, R is the radius
of the satellite, s is the amount of wire paid out, and r
and ¢ + 0 are the polar coordinates of the weight.
Clearly, from the geometry,

S N

= = — tan ! =
R R

Oy -

Let 7 be the moment of inertia of the satellite
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Fig. 5—Yo-yo geometry. This illustrates the variables
required to establish the equations covering the removal of
spin energy by the deployment of a yo-yo mass.

(without the yo-yo weight) and m the mass of the
weight, so that I, = I + mR? is the initial moment of
inertia of the satellite before release of the weight.
Let w, be the initial angular velocity.

The equations expressing the conservation of
angular momentum and kinetic energy are

Ip + mri(¢ + 6) = Iy,
and ()
I$* + mrr (¢ + 0> + m* = Lw,” .

Now if r, 6, F, 6 are expressed in terms of s, § by
means of Eq. 1, then Eq. 2 becomes

2

. ms* .
I, + ms?) ¢ + B = Lw, , 3)
and
N 2ms® .
(I, + ms®) ¢° + R Ko
m N2 2
+ I?s(s) = Lywy” . 4)

If Eq. 3 is multiplied by ¢ + (s/R) and subtracted
from Eq. 4, the result is

s = Ruwy, , %)
and this, substituted in Eq. 4, immediately yields

I, — ms?
Wy —— .
I, + ms®

¢ = (6)
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Equations 5 and 6 can be immediately integrated with
the obvious boundary conditions to give

s = Rwyt ,

mR?
tan™' [ w, A/
1

0

and
I
= 2,/ 0
¢ mR?

However, most of the important features of the yo-
yo operation are more easily obtained directly from
Egs. 5 and 6 without integration. For example, from
Eq. 6, it is clear that ¢ = 0 when

t)] —wt. (7

s = NEim . ®

Thus when the amount of wire given by Eq. 8 has
been paid out, the satellite will have been brought to
rest, and, if any further wire is paid out, the satellite
will begin to turn in the opposite direction. The limit-
ing value, for infinite s, is also obvious from Eq. 6,
namely, —w, (the same angular speed as the initial
speed but the opposite sense of rotation). If the wire
is arranged to detach from the satellite after a length
s, given by Eq. 8, has paid out, the satellite will be
left without angular velocity and the weight will
depart into space carrying the entire angular momen-
tum of the system with it.

It is particularly interesting that Eq. 8 does not
contain the initial angular velocity w,. Thus if the yo-
yo is properly designed, with a mass m and length of
wire s satisfying Eq. 8, its operation will remove
whatever angular velocity exists. However, while it is
not necessary to know what the angular velocity will
be to design a yo-yo to remove it, it is necessary to
know the direction of the angular velocity.

It may be of interest to relate how the invention of
the yo-yo at APL came about. Actually it was more
of an accidental discovery than an invention. It was
obvious that the spin rate of a spinning satellite could
be reduced to any desired fraction simply by increas-
ing the moment of inertia of the satellite by a corre-
sponding ratio; for example, by paying out a weight
on the end of a cable from the center of the satellite.
It occurred to me that wrapping the cable around the
outside of a (spherical) satellite and allowing centri-
fugal force to unwrap the cable would accomplish the
desired increase in the moment of inertia and in addi-
tion apply some retarding torque. The primary moti-
vation for the study of this possibility was the me-
chanical simplicity as compared to some controlled
feedout mechanism. Accordingly, I asked George
Munro to set up and, if possible, solve the differ-
ential equation controlling this deployment process.
The next day he told me the equations were readily
integrable and showed the rotation being brought to
a complete halt with a relatively small amount of
cable deployed, and with further cable deployment
the satellite was spun up in the direction opposite to
the initial rotation. This did not seem at all intuitive
to me, so I checked all the mathematics carefully and
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could find no error. I also talked to most of the phys-
icists in the Laboratory and, to a man, they found the
results implausible. John Garrison was particularly
intrigued by this unlooked-for behavior, and as a re-
sult he and I spent that evening in his basement work-
shop building a demonstration model. Sure enough,
the yo-yo worked exactly as the equation said it
should, and we immediately planned for its incorpo-
ration in the satellite.

APL had all the fun of inventing the yo-yo, devel-
oping it, (including the development of ground-test
capability), and seeing it work beautifully before we
received a report from Jet Propulsion Laboratory
showing they had quite independently and at a
slightly earlier time invented and demonstrated the
yo-yo. Clearly it was an idea whose time had come.

Due to an imperfection in the release mechanism,
the spin rate is generally not reduced precisely to
zero, but the magnetic hysteresis rods described
above rapidly accomplished the removal of what lit-
tle spin is left.

GRAVITY-GRADIENT STABILIZATION

The use of magnetic stabilization for early Transit
satellites was clearly not optimum for an operational
navigation system. Since a magnetically stabilized
satellite tumbles twice per orbit, it is necessary either
to transmit signals as nearly as possible isotropically
or to use multiple antennas and antenna switching
during the orbit. Fortunately there was an ideal alter-
native available in the form of gravity-gradient sta-
bilization that would keep one end of the satellite
always pointed at the earth and allow an antenna to
be placed at this end without wasting RF energy by
radiating it into the sky. This is the stabilization sys-
tem responsible for keeping one face of the earth’s
natural moon always turned toward the earth; the
torque responsible for it had been well understood
for along time.

It is possible to understand the source of the
gravity-gradient torque without writing any equa-
tions if one remembers that, for a satellite at any
given orbital altitude, there is a unique velocity that
corresponds to a circular orbit at that altitude. At
this velocity and orbital radius the centrifugal force
at the center of gravity exactly balances the gravita-
tional attraction. Since gravity attraction varies as
1/r7, the appropriate circular orbit velocity is lower
for higher altitude satellites and higher for lower alti-
tude satellites. If the satellite is moving faster than
this circular orbit velocity, it swings out in an elliptic
path to a larger radius, losing speed as it climbs
against gravity; if it is moving too slowly to maintain
a circular orbit, it swings inward on an elliptic path,
acquiring speed as it falls.

Now consider a satellite in the shape of a barbell,
consisting of two separate masses on opposite ends of
a rather long bar. Suppose the entire device is in orbit
and that the axis of the bar is at 45° with the vertical,
i.e., the direction toward the center of the earth. If
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there is the proper balance by the centrifugal force
and gravitational attraction at the center of gravity
for the entire device, it is clear that one end of the
barbell —the end at the larger radius — is going too
fast and will attempt to swing outward, while the
other end at the lower radius is going too slow and
will want to drop. Thus there is a net torque in the
direction to cause the bar to approach the vertical.
The torque arises from the variation in the level of
gravity across the vertical dimension of the satellite.
It is easily seen that the torque vanishes as the barbell
becomes strictly horizontal, but this is an unstable
equilibrium condition, whereas the vertical position
is stable.

The feasibility of gravity-gradient stabilization of
artificial satellites was a matter of considerable dis-
pute about 1960. Many felt that the available torques
were too small to provide a reliable engineering solu-
tion to attitude control. The APL Space Department
recognized the very small value of the torque but
argued that, if all other competing torques (mag-
netic, gyroscopic, aerodynamic, radiation pressure,
etc.) were at substantially lower levels, the ‘‘best”
torque would win. A more serious problem was the
provision of a damping mechanism. Several were
tried in APL satellites launched in the early 1960’s
until it was confirmed that the same magnetic hyster-
esis rods used for damping in the early magnetically
stabilized satellites also provided adequate damping
in the gravity-gradient mode.

A special problem with gravity-gradient stabiliza-
tion is that the satellite is precisely as stable upside
down as it is right side up. In fact one early satellite
was turned over by a form of outgassing and was not
recoverable. Two separate solutions to this problem
were found. For the Transit satellites that are in polar
orbit, we used an initial stage of magnetic stabiliza-
tion just as we had in the earliest satellites. This stabi-
lization is polarized, and the satellite was designed so
that the desired end was pointed earthward over the
north magnetic pole of the earth. After magnetic sta-
bilization was sufficiently damped, we chose a pass in
which the satellite would pass over the north mag-
netic pole, at which point it was conveniently in line
of sight from APL; we sent a signal commanding (a)
that the magnet (an electromagnet) be turned off,
and (b) that a boom be extended to produce the bar-
bell configuration required to provide the gravity-
gradient torque.

Now consider the tumbling rate of the satellite
through this period. When it settled down to a pure
magnetically-stabilized mode, it was tumbling at two
revolutions per orbit in inertial space. When the
boom was extended there was a huge increase in the
moment of inertia that effectively brought the tum-
bling rate to zero in inertial space. If the extension
occurred when the boom axis was vertical, there was
no immediate gravity-gradient torque. However, as
the satellite proceeded around its orbit with the boom
direction frozen in inertial space, it quickly departed
from vertical and a gravity-gradient torque built up
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rapidly. Calculation (confirmed by experience) shows
that it is in fact captured by the gravity-gradient
torque before it reaches the horizontal and is reliably
captured right side up. This technique has been used
successfully on about nine Transit satellites built by
APL and others built by Naval Avionics Facility, In-
dianapolis (NAFI) and RCA. Notice that this method
works only for satellites with high enough inclination
to pass over the north magnetic pole.

On one satellite, the Geos-1, a different technique
was used that eliminated the need for an initial mag-
netically stabilized mode and, more importantly, will
work for any orbit inclination, even for an equatorial
satellite. It required a motorized boom that can be re-
tracted as well as extended. With this technique, after
satellite angular motions have been sufficiently
damped (e.g., by hysteresis rods), the boom is ex-
tended and the satellite is allowed to gravity-gradient
stabilize with either end up, as it chooses. If it hap-
pens to be right side up, well and good. If it happens
to be upside down, there is a simple inversion maneu-
ver that can be accomplished easily. This maneuver
depends on the fact that a gravity-gradient stabilized
satellite has a tumble rate of exactly one revolution
per orbit. Retracting the boom causes a huge de-
crease in the moment of inertia and a corresponding
increase in the tumble rate that is very accurately
calculable. When the satellite has turned exactly 180°
(usually after just a few minutes), the boom is reex-
tended, the tumble rate returns to the desired one rev-
olution per orbit, and the satellite is right side up.
This has been demonstrated to work and in fact is
just as easy as it sounds, although the equations that
calculate the time taken to retract and extend the
boom and the variable moments of inertia during
these periods are slightly more complicated than I
have indicated. But first-year calculus suffices.

Gravity-gradient stabilization is now accepted as a
simple and reliable means of achieving an earth-
pointing satellite in the altitude range from a few
hundred to a few thousand miles. At lower altitudes,
aerodynamic torques exceed the gravity-gradient
torques. At very high altitudes, where the gravity-
gradient torques fall off rapidly, radiation pressure
torques may dominate. But for many satellites,
where earth-pointing is desirable, it provides the only
system that has, as in the case of the moon, a proven
lifetime measured in billions of years.

MAGNETIC SPIN-DESPIN

The use of the yo-yo and magnetic hysteresis rods
provided a convenient means of removing the spin
from the satellite. In 1963-64, we were faced with the
challenge of designing a satellite that could have spin-
ning added after it was in orbit. Furthermore, it was
required that the direction of the spin axis in inertial
space be controlled by command from the ground.
The satellite involved was called DME-A and was
launched in 1965. Its objective was a survey of the
composition of the ionosphere. It was desired that
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the satellite should rotate (tumble) in the orbit plane,
i.e., rotate about an axis orthogonal to the orbit
plane. The experiments that were placed around the
rotating circumference thus scanned all possible
angles of attack and made it possible to obtain infor-
mation on the vector velocities of the charged par-
ticles comprising the ionosphere. The use of reactor
jets, which was the typical means of obtaining satel-
lite spin-up in orbit, was undesirable because of pol-
luting the environment being sampled.

A solution to this problem was found by R. E.
Fischell using only the earth’s magnetic field. If three
electromagnets, at mutually right angles, are in-
cluded within the satellite, it is possible to establish
within the satellite any desired magnetic vector. If the
satellite contains a vector magnetometer, it is possi-
ble to determine the earth’s magnetic field vector at
any moment. By activating electromagnetic coils ap-
propriately in response to the vector magnetometer
measurement, a torque in any desired direction can
be obtained. This torque can be used to spin up the
satellite to any desired spin rate. If it is desired to use
a specific fixed axis in the satellite as a spin axis, then
only two electromagnets and two vector magnetome-
ters are required that are mutually orthogonal and
orthogonal to the desired spin axis. Essentially what
was done was to make the satellite act like the rotor
of an electric motor with the earth’s magnetic field
serving as the stator. Provision can easily be made to
provide an additional magnetic torque that will serve
to precess the spin axis once the satellite is spinning
and gyroscopically stabilized. The satellite spin sys-
tem was designed to hold a constant spin rate, by put-
ting in energy to make up for damping losses without
requiring commands from the ground. The preces-
sion torques were ground-commanded. However,
torques that would provide a precession rate almost
exactly equal to the precession of the orbit were
found very quickly, and a change in command was
necessary only about once a week. The entire system
worked beautifully on the first attempt and proved a
remarkably simple, reliable, and accurate method of
controlling the attitude of a spinning satellite. R. E.
Fischell was awarded one of the coveted /R 100
awards (for the one hundred most significant indus-
trial inventions of the year) for his invention of the
magnetic spin system in 1967.

There is a restriction on the mass distribution (the
ellipsoid of inertia) of a spin-stabilized satellite that
must be observed. The spin axis must be chosen as
the shortest axis of the ellipsoid of inertia, i.e., the
axis about which the moment of inertia is maximum.
The reason is that for the closed system containing
the satellite, both total energy and angular momen-
tum must be maintained constant. In fact, angular
momentum can be altered only by ejecting material
(jets, yo-yo, etc.) or by applying torques (e.g., mag-
netic torquing). On the other hand, energy can be
transformed readily into heat and then radiated.
Consequently, a satellite that is set spinning about an
axis about which the moment of inertia is not maxi-
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mum has a strong tendency to seek a state in which it
has the same angular momentum with a lower total
energy of rotation. The minimum energy is clearly
obtained at the minimum angular velocity, which oc-
curs when the moment of inertia is maximum. For
short periods of time, particularly with little internal
damping, this rule can be violated, as it is with artil-
lery shells. But for long periods of time it is necessary
to design a spin-stabilized satellite so that the mo-
ment of inertia about the spin axis is maximized.

DUAL-SPIN STABILIZATION

It is reasonably obvious that the technique of mag-
netic spin-axis precession does not require that the
entire satellite be spinning at a high rate. All that is
required is that it have a large angular momentum
vector that could be provided by including within the
satellite a momentum wheel (flywheel) that can be
spun by an ordinary electric motor. With the angular
momentum for gyroscopic stabilization provided by
such a momentum wheel, it is possible to control the
angular velocity of the rest of the satellite to any
level, including zero, by the magnetic spin system de-
scribed above. This system, suggested by Fischell
also, was first used in SAS-1 launched in 1970. This
satellite carried an X-ray telescope and had the mis-
sion of surveying the celestial sphere in search of
X-ray sources. The requirement was that the satellite
rotate, but only very slowly because of the response
time of the telescope. A momentum wheel was incor-
porated to provide the gyroscopic stabilization. Mag-
netic spin-axis precession was provided, and the spin
rate of the overall satellite was independently con-
trollable by a magnetic spin-despin system. The flexi-
bility and controllability of this system proved crucial
to the spectacular astronomical discoveries of this
satellite. For example, many X-ray pulsars were iden-
tified, and it was the ability to vary the satellite spin
rate to match the pulsar repetition rate that made this
system particularly convenient. The satellite could
even be commanded to scan back and forth over a
limited region of the sky instead of rotating at a given
rate.

The dual-spin attitude control system of SAS-1
was used again in SAS-2, launched in 1972, which
carried a gamma-ray telescope provided by
NASA/GSFC . It worked equally well although, un-
fortunately, the gamma-ray telescope itself had a
rather short life.

One particular mode of operation of the dual-spin
system arises if the spin axis is placed normal to the
orbit plane. Then, if the main satellite is controlled to
have a spin rate of one revolution per orbit, you have
an alternative method of obtaining an earth-pointing
satellite. However, in this case, a refinement is possi-
ble that overcomes some of the limitations of gravity-
gradient stabilization. First, the momentum wheel
(which, of course, is also rotating at a high rate about
an axis normal to the orbit plane) can include an in-
frared detector, looking out radially, that responds
to the large temperature difference between the earth
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and outer space and so recognizes the horizon. Thus
the direction of the earth is accurately determined as
the midpoint of the high temperature portion of each
scan. In addition, the spin rate of the satellite can in-
corporate a fine adjustment (about the average rate
of one revolution per orbit) by accelerating or
decelerating the momentum wheel, causing a corre-
sponding deceleration or acceleration in the spin rate
of the main satellite. This mode of operation was in-
corporated and successfully demonstrated in SAS-3
launched in 1975. As compared to gravity-gradient
stabilization, it can provide much greater accuracy of
earth-pointing, especially with highly eccentric orbits
and at very low altitudes. With eccentric orbits, the
gravity-gradient torques are too weak to provide the
angular accelerations and decelerations necessary to
follow the earth-pointing direction. At low altitudes
aerodynamic torques compete with the gravity-
gradient torques and make accurate earth-pointing
very difficult. These problems are easily handled by
the dual-spin system described above.

The primary mission of SAS-3, another X-ray tele-
scope, did not require the earth-pointing mode. Nev-
ertheless it was provided as an optional mode and
was demonstrated to establish the suitability of
SAS-3 as a multipurpose vehicle. The first mission
for which this dual-spin mode of earth-pointing was
ideally suited was the Magsat satellite, launched in
1979. Magsat was designed to survey the earth’s mag-
netic field from as low an altitude as possible. A star
camera was used to determine the attitude of the sat-
ellite with great precision. Unfortunately, the star
camera is inherently magnetic. To avoid degradation
of the magnetic field measurements, the magnetome-
ters had to be removed a substantial distance from
the star camera by an extendable boom. In order to
relate the attitude of the vector magnetometers to the
attitude of the star camera, an attitude transfer sys-
tem was used. This system involved a light beam orig-
inating near the star camera and reflecting off a mir-
ror system mounted at the magnetometer end of the
boom so that yaw, pitch, and roll deflections of the
boom could be measured accurately. The entire sys-
tem worked throughout the life of the mission, and
the satellite met all its objectives. The data are still
being reduced.

DISCOS

In many ways, the most challenging and demand-
ing piece of technical wizardry that the APL Space
Department undertook was embodied in the Triad
satellite launched in 1972. This is a device frequently
referred to as the ‘‘ball in a box”’ or the ‘‘drag-free
device.”” It was invented independently by a number
of people well before the space age and was intended
for application in ballistic missiles. The objective was
to force the missile to follow a pure ballistic (gravita-
tionally determined) trajectory even after the missile
reentered the atmosphere, improving its accuracy by
eliminating the variable aerodynamic effects on the
trajectory. The name ‘‘drag-free’’ was intended to
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suggest that it followed the same trajectory as if drag
were not acting on the missile.

The concept was considered too difficult to apply
to ballistic missiles but was suggested’ for application
to satellites and was first implemented by APL in the
Triad satellite. Suppose that within the satellite there
is a hollow box or other enclosure within which is a
small proof mass. There is required some means of
detecting the position of the proof mass within its
container without applying any force on the proof
mass. At least six jets are required that are capable of
providing thrust force on the satellite in either direc-
tion along each of three mutually perpendicular axes.
Once in orbit, the proof mass is released and, from
then on, the jets are fired in such a way as to prevent
the proof mass from coming in contact with the walls
of the container. This is basically a collision-avoid-
ance system that keeps the proof mass suspended in
the center of its container. Thus the satellite is forced
to follow the trajectory of the proof mass quite ac-
curately. If this is successfully accomplished, the pro-
of mass is itself a satellite but is shielded from any
aerodynamic forces and in that sense is drag-free.

The term ‘‘drag-free’’ is really misleading on two
counts. First, the overall satellite is not free from
drag forces but is slaved to a proof mass that is pro-
tected from drag forces. The jet forces provided to
the satellite must compensate exactly for the drag
forces. Second, not only drag forces but any other
external forces, such as radiation pressure, are equal-
ly compensated. For this reason, the APL Space De-
partment has preferred to use the word DISCOS (for
DIsturbance COmpensation System) in referring to
this device.

Although there was no attempt to implement the
DISCOS system either in ballistic missiles or satellites
before APL undertook the design of the Triad satel-
lite, there was substantial development, both analyti-
cal and with a two-degree-of-freedom simulator (us-
ing an air cushion-levitated device) by the staff of the
Guidance and Control Laboratory of Stanford Uni-
versity under Dr. Daniel DeBra. APL relied heavily
on this work and placed a major subcontract with
Stanford University to assist in the design and fabri-
cation of the Triad satellite. The detailed design of
the Triad satellite can best be understood in the light
of a discussion of the various forces that can act on
the proof mass and that must be kept very small. Spe-
cifically, the object of the Triad program was to re-
duce all forces other than the gravitational attraction
of the earth to the level of 10" g.

Radiometer Forces

Most readers will have seen radiometers, which
consist of an evacuated glass globe within which a
primitive merry-go-round rotates. The merry-go-
round is a balanced cross piece with a vertical axis in
the center and enlarged flat plate ends that are black
on one side and white or silvered on the other. It will
spin when placed in strong sunlight and is commonly
believed to demonstrate the existence of radiation
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pressure. Actually its functioning has nothing to do
with radiation pressure. The device works only be-
cause the glass ball is not too well evacuated. The eas-
iest way to see this is to note the direction in which
the device turns. With the black sides of the end
plates facing in a counterclockwise direction, if
radiation pressure were the motivating power, the de-
vice would turn counterclockwise since the radiation
pressure on a reflecting surface is greater than that on
an absorbing surface and the absorbing (black) sur-
faces would be driven backward. What actually
drives the device is that the absorbing surface
becomes hotter than the reflecting surface and trans-
fers this heat to the molecules of the residual gas in its
immediate proximity, causing a somewhat higher
pressure against the black surface than against the
‘reflecting surface and producing a consequent clock-
wise rotation. This force, caused by thermal in-
homogeneity in a rarified gas, is referred to as the
“radiometer force.”” In Triad the radiometer ac-
celeration was kept very small by making sure that
the proof mass and the cavity containing it were ex-
cellent thermal conductors, that surfaces were
uniform in emissivity and absorptivity, and that the
proof mass was quite heavy (high density).

Magnetic Forces

Considerable care was taken in keeping magnetic
attraction or repulsion of the proof mass below the
10" g level. The earth’s magnetic field was no par-
ticular problem, since the gradient of the earth’s field
across the dimensions of the proof mass is, indeed,
negligible. However, it is difficult to assure the same
lack of gradient from fields that arise from either
magnetic material or current loops within the satellite
itself. For this reason it was decided to seek a
material of low magnetic susceptibility. Since we
desired very high density, we investigated the possi-
bility of using an alloy of para- and diamagnetic ma-
terials so that the magnetic susceptibilities would
cancel each other out. It was found* that an alloy of
70% gold and 30% platinum had an exceedingly
small magnetic susceptibility (Fig. 6). Such a proof
mass was made and its susceptibility pronounced al-
most unmeasurably small by the National Bureau of
Standards.

Self-Gravitation

The most difficult design problem was to ensure
that the gravitational attraction exerted by the rest of
the satellite on the proof mass was reduced below the
10~ '"'g goal. Since the attraction that the entire earth
exerts on the proof mass produces only 1 g accelera-
tion (by definition), it might be thought that the mass
attraction of the rest of the satellite could be ne-
glected, but the problem is that gravitational attrac-
tion varies as 1/r%. For the attraction of the earth, the
appropriate r is the relatively large distance from the
proof mass to the center of the earth, whereas there
are parts of the satellite that, of necessity, are quite
close to the proof mass.
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Fig. 6—Magnetic susceptibility of platinum/gold alloys.
This figure, based in part on Ref. 4, shows experimentally
determined magnetic susceptibility for alloys of platinum
and gold. Note that the actual susceptibility departs very
markedly from a linear interpolation.

Design Features

We turn now to a discussion of the design features
of the Triad satellite and the fabrication techniques
used to ensure that the self-gravitational force was
reduced to the 10~ "' g level. First it was desired that
the Triad satellite be gravity-gradient stabilized,
which suggests a barbell configuration, and thus it
was easily possible to concentrate most of the mass of
the satellite in one of the two ends that could be
removed a substantial distance from the proof mass
by extendable booms.

In the relatively small central section were concen-
trated only those elements intimately involved in the
functioning of the DISCOS device itself. This was a
great convenience since the large end masses could be
treated gravitationally as point masses and only the
location and distribution of masses within the DISCOS
section had to be controlled with extreme precision.
Propulsion was provided by cold gas released in short
bursts through the electrical activation of pneumatic
valves in a ‘‘bang-bang’’ servo system. Particular
care had to be taken with the fuel storage tank since
the gravitational attraction exerted by the fuel tanks
had to remain small as the total amount of mass
changed from the initial full tanks to the eventual
empty condition. This problem was solved by the use
of a pair of toroidal tanks equidistant above and
below the proof mass and interconnected so that the
pressure and hence the mass of fuel remained the
same in each tank (see Fig. 7).

The proof mass was very accurately spherical and
the “‘box’’ that shielded it from external forces was a
hollow sphere. Utmost care had to be taken to ensure
the uniformity of thickness and density of this hollow
sphere. Fortunately, the gravitational attraction ex-
erted by a uniform-density spherical shell on any ob-
ject inside the cavity is zero. Some electronics had to
be placed in close proximity to the proof mass, and
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Fig. 7—Disturbance compensation system of Triad. This
figure shows that the central section of Triad contained
only the components required for operation of the piscos
device: cold gas tanks and associated valves and nozzles;
and the proof mass, its housing, and the electronics re-
quired for pick-off, that is, for determining the position of
the proof mass within its housing.

' Arrows indicate thruster
event and direction

Thruster system activated
300

an elaborate bookkeeping system was initiated in
which the location and mass of every piece of wire,
every component, and even every solder joint were
carefully noted so that the total gravitational attrac-
tion could be ultimately compensated.

The satellite was launched September 2, 1972.
Gravity-gradient stabilization was achieved quickly,
and the DISCOS proof mass was uncaged. The system
was activated, and the behavior of the proof mass is
shown in Fig. 8. It is seen that within 400 seconds the
proof mass was in the dead band (1 mm) and re-
mained there as long as the DISCOS system was active.
Typical proof mass activity within the 1 mm dead
band is shown in Fig. 9. On some occasions when an
external force was acting, the behavior was a typical
one-sided limit cycle. On other occasions or for other
axes, it was a two-sided limit cycle. It should be noted
that the thruster firing produced a fixed impulse, and
the variation in required thrust level was obtained by
varying the interval between thruster firings. This ap-
proach has the great advantage of providing for a
very large dynamic range for the system. It operated
for over a year without interruption, after which it
was intentionally turned off and thereafter operated
whenever desired until the gas was exhausted. The ef-
fectiveness of the compensation for drag and radia-
tion pressure was tested by comparing tracking data
with long-term prediction. This required some refine-
ment in our long-term prediction computation in-
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Fig. 9—Typical proof mass activity in the 1 mm dead band.

cluding the gravity field model but, when accom-
plished, showed that agreement could be reached on
the assumption of an along-track force on the proof
mass of 5 x 10 "* g.°

MOTIVES FOR INNOVATION

It may seem surprising that so many innovative
techniques in the design of near-earth satellites were
introduced by one relatively small organization, the
APL Space Department. The reason is partly histori-
cal and partly a matter of attitude. Historically, the
Transit Program was one of the very first satellite
programs scheduled for prolonged operational use,
with the corresponding emphasis on long-lived satel-
lites and minimum-cost launch vehicles. We decided
from the beginning that the long life could be
achieved most readily by avoiding either expendables
(as in jets) or moving parts. Thus it was natural to
study carefully all available sources of torque to ac-
complish attitude control without either. The mag-
netic or gravity-gradient torques emerged as the most
powerful at the intended operational altitude of the
Transit satellite (600 nautical miles). In later missions
when more short-lived satellites would meet the re-
quirements, we found that an optimum design could
be achieved with the use of a momentum wheel. We
subsequently found that, if properly designed, mo-
mentum wheels could have extremely reliable lives in
orbit. In recent years we have been less reluctant to
make use of this one simple moving part.

But in some ways our approach to the design of a
satellite differs from that of most satellite design or-
ganizations in the same way that the attitude of a set-
tler in a new country differs from that of an explorer.
The explorer, like the early Spanish explorers in
South America, brings with him the resources to
dominate the new, strange environment by sheer
power of technology. The settler prepares himself to
live on the resources that he finds in the new environ-
ment. Thus the earliest approach to satellite attitude
control used jets that could apply torques larger than
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any that would be exerted by the environment; our
approach was to look at the various torques the envi-
ronment would necessarily impose and specifically
design the satellite so that one of these torques would
dominate or could be made to dominate and then use
this torque to accomplish our objective. I have stated
elsewhere that this difference in attitude can be con-
sidered as the difference between engineering and ap-
plied physics.

THE FUTURE

The specific interest in drag-free satellites that led
to the Triad demonstration was the fact that the
Transit satellite currently requires a new orbit deter-
mination every day or two because of the unpredict-
ability of drag effects. However, in the future this
technology opens up many exciting possibilities. In
particular, it appears possible to operate satellites at
very low altitudes, perhaps as low as 150 km, for long
periods of time. It is true that the high air density at
this altitude means that very substantial propulsion
capability must be provided, requiring very large sat-
ellites, but they would not need to be expensive since
the greater part of the mass would be simple fuel
tanks. The Shuttle program is ideally suited to put-
ting very large masses into low altitude orbits at a
remarkably low cost per pound. Some of the implica-
tions of this possibility are given in the article by
Fischell and Kershner in this issue.
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