
ROBERT E. JENKINS 

A DEMONSTRATION OF THE VALUE 
OF SPACECRAFT COMPUTERS 

The Transit Improvement Program (TIP) satellites are navigation satellites equipped with an on­
board, general-purpose minicomputer. The ability to reprogram the flight computer in orbit allowed 
sophisticated alternative techniques to salvage two early TIP missions in the face of serious hardware 
problems. This article describes how new flight software was implemented after launch to perform 
some new control functions that achieved a partial mission success on both spacecraft. The experience 
was a dramatic illustration of the advantages of a central computer on board a complex spacecraft. 

INTRODUCTION 

The Transit Improvement Program satellites were 
designed by APL to upgrade the then-existing navi­
gation satellite system. The first three developmental 
spacecraft (called the TIP series) were built and 
launched by APL, and the later production versions 
(called Nova) were built by RCA. Among other im­
provements and advancements, these satellites were 
equipped with a general-purpose minicomputer with 
64K bytes of memory. Also, each TIP satellite has a 
hydrazine-fueled orbit adjust and transfer system and 
an attitude control system that operates in both a 
gravity-gradient and a spin-stabilized mode. The space­
craft is spin stabilized during the orbit adjust phase 
and later operates in the gravity-gradient mode as a 
drag-free satellite. 

Although fully reprogrammable on-board comput­
ers have become more common, such systems were in­
novative in 1969 at the starting time of the TIP design, 
and the lessons learned from that program's experience 
are more appropriate today than ever before. Some 
of this experience is presented herein, partially as an 
interesting historical record and partially as a stimu­
lus to more imaginative uses of such systems. With to­
day's electronic technology, we can extrapolate to the 
possibility of IBM 3033s and CRA Y -1 s in orbit. The 
presence of such devices on board can completely al­
ter the approaches taken to achieve mission goals. 
Their flexible nature encourages creative and innova­
tive methods and strategies, e.g., achieving fault toler­
ance by making a spacecraft more "intelligent" and 
flexible rather than simply more redundant. 

This article describes the uses of the TIP INova flight 
computer to overcome some early failures in the space­
craft development that, although later corrected, could 
have jeopardized the entire program. TIP-II and TIP­
III I were extremely important to the overall program 
because they were proof-of-concept and in-orbit verifi­
cation for all of the new techniques and subsystems 
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that had been introduced into the improved system. 
The ability to change the flight software after launch 
allowed us to overcome some early deployment failures 
and continue the development to a production status . 

The fully deployed TIP or Nova spacecraft is shown 
in Fig. 1. During the initial orbit adjust phase, the scis­
sors boom is folded, and the hydrazine rocket and tank 
are attached to the spacecraft. The four solar panels 
provide a configuration for stable spin about the lon­
gitudinal axis (labeled z). Later, after the hydrazine 
is used up, the boom is extended, with the empty rock­
et system acting as an end mass for gravity-gradient 
stabilization. 

The solar panels are designed to unfold immediate­
ly after the spacecraft achieves parking orbit. When 
the TIP-II panels failed to erect, the spacecraft was 
left in a low-power condition and with unfavorable 
moment-of-inertia ratios for spin stabilization. With­
out stable spin, the orbit adjustment rocket could not 
be pointed and controlled as originally planned. Nearly 
one year later, TIP-III experienced an identical fail­
ure. In addition, a boom deployment problem later 
caused the scissors boom links to break on TIP-II un­
der normal motor-driven deployment. 

With hard-wired spacecraft logic, these problems 
would have precluded the attainment of any of the mis­
sion goals or even a modest engineering checkout of 
the on-board subsystems. However, changes to the 
flight computer program after launch allowed us to 
implement a variety of techniques to work around 
problems and achieve a partial mission success. 

We will describe how the flight computer was quick­
ly reprogrammed after launch to 

1. Carry out power management to avoid trouble­
some spacecraft blackouts , 

2. Achieve enough spin stability to fire the orbit ad­
justment thruster, 

3. Raise the parking orbit to a workable altitude, 
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Figure 1-0rbital configuration. 

4. Remove a high (45 revolution per minute) tum­
ble rate (an indirect result of one of the failures), 

5. Deploy the gravity-gradient boom successfully on 
TIP-III. 

THE FLIGHT COMPUTER 
AND ITS SOFTWARE 

The TIP flight computer is a general-purpose 
minicomputer that uses specialized input/ output log­
ic to perform various spacecraft functions in real time. 
The computer consists of two redundant central 
processing units and two magnetic core memories. 
Each memory provides programmable storage of 32K 
bytes. The memory cycle time is 4.S microseconds. 
There is also a 64-word hard-wired, read-only memo­
ry containing a special' 'bootstrap" loader program 
for restarting the software in orbit. 2, 3 The complete 
hardware package has a volume of about 0.2 cubic 
foot and weighs 14 pounds. 

The computer and its ground support system was 
custom-designed about 1970 for the TIP mission, as 

226 

was a complete software operating system that includes 
an assembler. The flight computer software consists 
of a system of interrupt-driven real-time programs. 
These programs perform on-board data management 
and interact with other hardware subsystems to give 
the computer far-reaching powers to control and mon­
itor the satellite. The flight computer derives most of 
its power to perform control functions by virtue of its 
direct interface to the spacecraft telemetry and com­
mand systems. The telemetry system is digital, with 
S bits per channel, 172 channels per frame, and a 
4.227-second frame period. The computer/telemetry 
interface allows the computer to exchange data with 
the telemetry system under direct software control. 

The spacecraft command subsystem contains digi­
tal (l0 bits per second) logic to perform the remote 
execution of various types of commands and the load­
ing of the computer memories. Through the com­
puter / command interface, the flight computer has 
direct access to the front end of the command system. 
Any command can be issued by the flight software by 
serially transmitting the command bits through the in­
terface at the required 10 bits per second rate. The 
length of a relay command bit string requires 2.3 sec­
onds for complete transmission. Any command can 
be executed at a precisely prescribed future time by 
allowing the computer to issue the command. This 
"delayed command" capability results from loading 
the information for the commands into the computer 
memory to be processed at a specified time according 
to the computer-kept clock, which is synchronized to 
universal time. 

The main implications of the input! output interfaces 
described above are that the computer is limited to a 
data-sampling rate of 4.2 seconds for any given telem­
etry channel, and the maximum command rate is one 
every 2.3 seconds. These constraints became quite im­
portant in some of the control functions implemented. 

The overall ground system is complicated but very 
flexible. It allowed us to completely reprogram the 
flight software after launch, as well as to manage the 
system in orbit in ways we had not thought of when 
the software was developed. The backbone of the sys­
tem is the ground station PDP-I 1/ 40, operating 
through a front-end PDP-So This computer is used to 
control all real-time satellite operations and display 
and for formatting data to be transmitted up to the 
spacecraft. For certain real-time flight operations, 
described later, the PDP-II is interfaced directly to 
the laboratory central computer. 

The main flight computer software is a basic oper­
ating system called SYS, which is resident in memory 
at all times and contains 

1. Loading programs that can handle uplink data 
at 10 or 1000 bits per second, 

2. A memory dump program that can read out areas 
of memory on either a 325 or 1300 bits per sec­
ond downlink, 

3. A status routine that sends computer informa­
tion to the telemetry system each telemetry 
frame, 
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4. A timekeeping routine that keeps a high-precision 
universal time clock, 

5. A time queue program that controls the chrono­
logical sequencing of computer events, such as 
delayed commands. 

For details on the complete flight software system, see 
Refs. 4, 5, and 6. 

In addition to SYS, there are many other special pro­
grams that are up-loaded into the computer when 
needed. Two of those programs are worth mention­
ing because of their importance in the flight operations 
described later. 

Delayed Command Program 
Delayed commands are prepared by special card in­

puts to a PDP-ll program called TIPLOAD. The 
TIPLOAD processor automatically formats the com­
mand bit strings and the appropriate time queue en­
tries for the flight computer. In addition to commands 
in the time queue, the delayed command program may 
also be used to send commands when certain events 
occur on board. This is done in conjunction with the 
telemetry storage program, TMON, which initiates 
delayed commands whenever the data in certain telem­
etry words match prespecified criteria. Since it takes 
2.3 seconds to send a relay command, the delayed com­
mand program must make sure that the telemetry­
triggered delayed commands do not interfere with each 
other or with the time-ordered commands being con­
trolled by the time queue (or with the commands com­
ing up from the ground, either authorized or 
unauthorized). 

Telemetry Storage Program 
TMON is used to sample and store in memory real­

time telemetry data. The program expects as inputs a 
start time (time queue entry), a list of telemetry chan­
nels to be monitored or stored, and the rate at which 
each is to be sampled. TMON allows each telemetry 
channel to be sampled at its own rate; hence, all chan­
nels need not be sampled during the same frame. The 
program automatically stops storing data when the 
specified storage area fills up, and the data are later 
recovered by a memory dump to the ground. 

The use of the time queue for delayed commands 
and the ability to send commands while monitoring 
telemetry functions proved to be extremely valuable 
after the TIP failures. In our wildest imagination, we 
could not have foreseen the use we would make of 
these programs or the salvation they would provide 
for the crippled mission. 

THE EFFECT OF THE FAILURES 
The TIP spacecraft are launched into a polar park­

ing orbit at an altitude of 180 by 400 nautical miles. 
The orbit adjust and transfer system is then used to 
change the orbit to a circular one at an altitude of 600 
nautical miles. At the same time, the inclination is ad­
justed to a selected value near 90° to control the nod­
al precision. An important part of this operation is to 
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select optimum directions for applying thrust, in or­
der to correct the altitude and inclination simultane­
ously and minimize the fuel requirements. 

The spacecraft is designed to be spin stabilized about 
its longitudinal symmetry axis (z axis) to provide sta­
ble directional control during thruster firing and to 
compensate for thruster misalignments. To achieve 
spin, an analog magnetic dipole spin-up system pro­
vides continuous torque about the z axis using the 
earth's magnetic field. Passive nutation dampers on 
the ends of the solar panels negate the effect of ran­
dom transverse torques introduced by the spin-up sys­
tem during this operation. To slew the z axis to a 
desired firing direction (after spin is achieved), a re­
versible z dipole coil is aboard to provide precession­
al torques, using the earth ' s magnetic field. 

After the orbit is adjusted, the remaining hydrazine 
is vented, and the empty orbit adjust and transfer sys­
tem tank becomes the end mass on a scissors-type 
boom for gravity-gradient stabilization (see Fig. 1). 

When the solar panels failed to deploy on TIP-II, 
we were left in the following situation: 

1. The spacecraft was generating less than half its 
normal power, 

2. The spacecraft was not stable in spin about the 
z axis, 

3. The nutation dampers were not in the correct po­
sition to be effective in damping out torques 
transverse to the z axis, 

4. The 60 pounds of liquid hydrazine at the tip of 
the spacecraft was an effective mechanism to 
quickly transfer any spin about the z axis into 
tumble about the stable transverse axis. 

For various reasons, the spacecraft needed to be at 
an average altitude of at least 400 nautical miles to be 
able to operate effectively as a navigation satellite. 
Also, it was necessary to reduce the orbit eccentricity 
to achieve the gravity-gradient stability required for 
effective operation of the disturbance compensation 
system. 

As will be described, we managed to achieve this, 
leaving about half the hydrazine to be vented before 
erecting the boom. Unfortunately, the venting system 
was designed for stable z axis spin; with our configu­
ration, a tumble torque was inevitable. We had no way 
of knowing how bad this would be and were forced 
to take our chances and vent. The next time we saw 
the spacecraft, the tumble rate was 45 rpm, and the 
solar panels had been ripped from their stowed posi­
tion and forcibly deployed by the centrifugal force. 
This improved the power situation, but before the 
boom could be deployed, the tumble motion had to 
be dissipated. This was done by implementing an in­
teresting digital phase-locked loop and using the space­
craft z coil to work against the earth's magnetic field. 

When we finally attempted to run out the scissors 
boom on TIP-II, the links broke because of an un­
foreseen problem. Unfortunately, this happened af­
ter TIP-III was launched so the problem was not 
corrected on TIP-III. However, once the problem was 
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understood, it was possible to work around it on TIP­
III by using centrifugal force generated by a tumble 
motion. We were able to solve the problem by revers­
ing the de-tumble mentioned above. 

POST-LAUNCH OPERATIONS 
Power Management 

The immediate problem after the solar panels failed 
to deploy on TIP-II was the severely restricted power 
capability of the spacecraft. The problem was partic­
ularly bad when we tried to use the high-voltage mag­
netic system for spin-up and precession, and it was 
exacerbated by the fact that we launched into a mini­
mum-sun orbit. 

To protect the battery, the power system is equipped 
with a low-voltage sensing switch that shuts down the 
main power bus automatically when the battery volt­
age reaches 13.8 volts. Although this is not a disaster, 
it was extremely inconvenient when it occurred because 
the spacecraft had to be restored to its previous state 
through a complicated series of commands. The space­
craft oscillator shifted frequency dramatically during 
the first few minutes of warm-up, making it very hard 
to keep the receivers locked on the signal. Also, the 
flight computer system had to be reloaded and restart­
ed and the universal time clock reset each time the low­
voltage sensing switch tripped. With passes only about 
8 minutes long, this led to a hectic operation, with the 
spacecraft frequently rising silent and not responding 
immediately to the recovery commands. The spacecraft 
was "lost" on numerous occasions. 

To solve the problem, we modified the telemetry 
storage program to monitor the battery voltage chan­
nel once per minute. When the voltage fell to a thresh­
old level, the program used delayed commands to 
throw off the magnetic system power. The threshold 
was usually set to 14.5 volts. The magnetic system 
draws about 60 to 70 watts, and removing this load 
when the battery reached 14.5 volts was generally suffi­
cient to prevent the low-voltage sensing switch from 
tripping. 

Even though the battery voltage was monitored care­
fully, the spacecraft systems had to be duty-cycled to 
prevent power drain. The time queue feature of the 
flight software was used to turn systems off and on 
at scheduled times to effect the duty cycling. Howev­
er, this proved to be a great deal of work-punching 
cards, preparing updated time queue files with the 
TIPLOAD program, and injecting the data into the 
spacecraft memory. When the time queue software was 
developed, its primary purpose was to fire the orbit 
adjustment rocket out of view of a ground station, and 
it was not designed to handle a large number of 
delayed commands easily (such as 100 per day). The 
operations team quickly found most of their time 
devoted to trying to keep the flight computer fed with 
duty-cycling data. 

It proved rather easy to reduce the workload dra­
matically. We quickly recognized that nearly all of the 
chronological delayed commands for duty cycling were 
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periodic in time. They were generally tied to the ge­
ometry (for example, some systems were turned on and 
off over the equator or the poles, some were turned 
off in the earth's shadow, etc.). The answer was to 
make the time queue cycle itself automatically. 

A program called CYCLE was quickly written to 
cause the time queue actions to repeat at a command­
ed periodicity. This is done by calling CYCLE from 
the last time queue entry in the list. The CYCLE pro­
gram sets appropriate pointers to the starting condi­
tions and then restores the original time queue list, 
adding the input period to the time for each entry. This 
causes the time queue actions to be periodically repeat­
ed until the process is stopped by ground command. 

At first, some people were nervous about relinquish­
ing control to the computer and allowing the space­
craft to operate autonomously. However, this simple 
fix worked beautifully. Even the simplest operation 
would have been difficult to carry out without CY­
cLE; as will be seen, it would have been next to im­
possible to carry out the more complicated operations 
we eventually undertook. 

Spin-Up Operations 
The early operations with TIP-II were involved with 

attempts to spin the spacecraft about the z axis. There 
were two reasons for these attempts: (a) we hoped that 
sufficient spin could generate enough centrifugal force 
to forcibly deploy the solar panels, and (b) stable spin 
was required to fire the orbit adjustment rocket. 

The spin-up system is a feedback control system that 
uses the earth's magnetic field to torque the spacecraft. 
Two orthogonal coils (x and y) provide a dipole mo­
ment in the spacecraft to supply the torque. The earth's 
field is continuously sensed, and the x and y coil cur­
rents are automatically phased to keep the resultant 
dipole orthogonal to the component of the earth's field 
that lies in the x-y plane. (The geometry is shown in 
Fig. 2.) This results in a torque about z that is always 
in the same sense, along with random torques trans-

x 

Spacecraft longitudinal axis 
z 

Earth field 

~~------+-----------~y 

Component that 
produces z torque 

Figure 2-Magnetic spin-up geometry. 
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verse to the z axis. With a stable spin configuration, 
the spin about z will gradually build up to the desired 
level, while passive dampers remove the nutation in­
duced by the transverse torques. 

With our unstable configuration, it was a different 
story. When the spin system was turned on, the liquid 
hydrazine was sloshed by the transverse torques and 
acted as an effective mechanism to quickly transfer any 
spin into a tumble motion about the stable transverse 
axis. Initial attempts to achieve any spin above Y4 rpm 
were unsuccessful. To solve the problem, we modified 
the flight software to control the times that the spin 
system was on in order to minimize the transverse 
torques. 

The spacecraft are equipped with three orthogonal 
magnetometers measuring the body-fixed x, y, and z 
components of the earth's field. We modified the te­
lemetry storage program to sample the channel for the 
z component every frame and use it as the criterion 
for turning on the spin system. In each telemetry 
frame, the program determined if the absolute value 
of the z magnetometer reading was less than a 
preselected threshold. When that condition was satis­
fied, the program used a delayed command to turn on 
the spin system and conversely turned the system off 
when the z component was out of range. We had to 
include additional logic to prevent the program from 
continuously sending commands once the system was 
in the correct state. By allowing the system to be on 
only when the z component was near zero, the trans­
verse torques were nearly eliminated. 

It happens that there are two relays in series to con­
trol the magnetic system power. This was quite use­
ful, since we could let one relay (normally on) be 
controlled by the battery voltage and the other be con­
trolled by the z magnetometer reading. Thus we could 
allow both monitoring functions to operate in paral­
lel, to protect against the low-voltage sensing switch 
tripping during spin-up. This was about the only piece 
of good luck that we had in the operation. 

It took about two days to generate the spin-up pro­
gram, and, after some trial and error, we settled on 
a z magnetometer threshold value of about 10% of 
the full-scale field reading. The program helped quite 
a bit. We were able to achieve spin rates up to 1 rpm, 
but then the spacecraft would gradually build up nu­
tations and transfer to tumble with a time constant of 
about one orbit (90 minutes). This was still not enough 
spin rate or stability to fire the orbital adjustment 
rocket. 

At this point, the idea arose of using the spacecraft 
z coil as a device for actively damping the nutational 
motion to maintain more stable spin. (That coil is nor­
mally used to provide precessional torques for point­
ing the rocket nozzle.) It can be switched by relay 
command to either the plus (dipole along + z) or the 
minus (dipole along - z) state. 

For clean spin without nutation, the spacecraft mag­
netometers record a very distinctive pattern from the 
earth's field vector. Because the local earth field is 
varying rather slowly due to the orbital motion, the 
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attitude dynamics dominate the magnetometer's varia­
tions. The x and y coils record a sinusoidal variation 
90° out of phase, with the period equal to the spin peri­
od, and the z magnetometer records a nearly constant 
value. As nutation (coning) builds up, the z reading 
begins to show an oscillation with a period equal to 
the nutation or coning period. 

The idea behind the damping program (DAMP) was 
to let the computer sense the derivative of the z mag­
netometer reading and then set the polarity of the z 
coil to produce a transverse torque (using the earth's 
field) that opposed the derivative. Again we could 
modify the telemetry storage program, this time to 
control the z coil polarity based on the monitored z 
magnetometer reading. The logic was simple: 

1. For each frame, compute the difference between 
the current z magnetometer reading and the pre­
vious frame's reading, as an estimate of the 
derivative. 

2. When the difference changes sign from plus to 
minus, send a delayed command to set the z coil 
polarity to a minus dipole. 

3. When the difference changes sign from minus to 
plus, send the command to change the z coil to 
a plus dipole. 

We also had to include additional logic to correct the 
telemetry reading for the z coil effects . The z coil 
strength is of the same order as the earth's field at these 
spacecraft altitudes; therefore, it has a large effect on 
the z magnetometer reading. 

Note also that the DAMP program can be used to 
de-tumble the spacecraft when it is in stable tumble 
about a transverse axis. In this case, the z magnetom­
eter records a sinusoidal variation. The effect of the 
program is to adjust the z coil polarity continuously 
in order to produce a torque opposite to the motion. 
This proved to be quite handy in reducing the time re­
quired to dissipate tumble motion. 

As soon as we had the DAMP program written, we 
found that it worked well. But to be effective, we need­
ed to alternate continuously between the spin-up and 
damping modes. However, the magnetic system is 
designed so that either the spin system or the z coil 
can be in use, but not both modes at the same time. 
This meant we needed a way of dynamically switch­
ing between the SPINUP logic and the DAMP logic 
in the telemetry monitoring program. 

The idea of changing the program logic dynamical­
ly while the flight software was actively running was 
a new feature for our software system. It was not hard 
to implement, and it provided a very powerful capa­
bility. 

We compiled both sets of logic (SPINUP and 
DAMP) into the telemetry monitoring program and 
added a simple program switch to select which path 
would be used to evaluate the z magnetometer read­
ing. We then wrote a program (ALTPRO) that was 
called by a time queue entry to change the switch at 
a scheduled time. AL TPRO was written to be rather 
general, driven by an input list of memory addresses 
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and their corresponding new contents. Each time the 
program is called at a scheduled time, it works on the 
next entry in the list, loading the new contents into the 
specified addresses. 

To accomplish a spin-up, then, the scenario was as 
follows. At a prescheduled time, the night before a 
pass, with the spacecraft essentially motionless in at­
titude, the computer would select the magnetic system 
for spin-up, turn on the telemetry system, and acti­
vate the SPINUP logic. Near each equator crossing, 
the computer would select the z coil by delayed com­
mand and switch to the DAMP logic using the AL T­
PRO program. After several minutes of damping, the 
spin system would be reselected and the logic switched 
back to the SPINUP program. The entire set of time 
queue entries was then cycled with the orbital period 
by the CYCLE program for continuous operation. Of 
course, during the complete scenario, the battery volt­
age was monitored to prevent the low-voltage sensing 
switch from tripping. If the battery monitoring pro­
gram did shut down the magnetic system, the time 
queue cycle would turn it back on at the beginning of 
the next cycle. 

By starting with a fully charged battery, the above 
scenario achieved spin rates up to 4 rpm, which was 
enough to be able to fire the orbit adjustment rocket. 
However, we still did not have directional control over 
the spin axis. If we left the spacecraft alone after 
achieving 3 to 4 rpm, it would maintain its spin sta­
bility reasonably well for about one orbit (90 minutes). 
After that, it would begin coning, and the coning 
would quickly degenerate into tumble. As soon as we 
tried to precess the spin axis with the z coil, the in­
duced nutations would make the motion unstable. 

We tried alternately precessing and damping, but we 
rapidly ran out of battery power. 7 There was no way 
to get directional control, and without it the orbit ad­
justment looked bleak. The solution to the problem 
required ingenuity, hard work, and a willingness to 
make decisions under severe time pressure. 

Firing the Orbit Adjust Rocket 

Selection of the time and inertial direction of the 
firing of the orbit adjust rocket is based on a solution 
to the problem of minimizing the expended fuel for 
the required orbit change. Our normal procedure is 
to solve for the true anomaly at fire and the direction 
of thrust, from the current orbit and desired orbit 
parameters. This gives us three degrees of freedom to 
solve for each firing and thereby optimally correct the 
semimajor axis, the eccentricity, and the inclination. 
Without directional control, we could not hope to use 
this scheme. 

However, after some thought, we came up with an 
idea that we hoped might work. Each time we ran the 
spin-up scenario we found a distinctly different iner­
tial attitude, and although we could not change it, the 
spin axis direction remained gyroscopically stabilized 
for about one orbit. We could make use of this fact 
in the following way. 
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Instead of solving for a time and direction of thrust 
from the orbit parameters, we could accept the direc­
tion we had and solve for the optimum time to fire, 
given that attitude and the orbit. We could then ob­
tain a measure of how effective the thrust would be 
by comparing the resulting orbit changes to those we 
would have achieved if we could have chosen the direc­
tion. If this measure was reasonably high, we would 
fire the rocket. Otherwise, we would de-tumble the 
spacecraft and try again. With the spacecraft coming 
up in a random attitude each time we spun it up, we 
would sometimes be lucky and obtain a favorable at­
titude. 

Several problems needed to be solved before the 
above scheme could be implemented. First, the calcu­
lations for the optimum firing point based on the cur­
rent attitude had to be done in real time during a single 
pass because the spacecraft would not spin stably 
longer than about one orbit. Thus, we needed to be­
gin an automatic spin-up scenario four or five hours 
before our pass so that the spacecraft rose spin­
stabilized at 3 to 4 rpm. Then in real time during the 
pass we would: (a) determine the inertial attitude of 
the spin axis, (b) calculate from this and the current 
orbit the optimum time to fire in the next 90 minutes, 
(c) make the decision whether the thrust would be ef­
fective enough, and (d) inject the appropriate time 
queue and delayed command data into the spacecraft 
to control the firing at the specified time. We had 
about 8 to 10 minutes during the pass to accomplish 
the above operation. 

Luckily, tne first requirement was already satisfied 
by an existing capability. The TIP attitude determi­
nation software had been designed so that it could be 
run in real time during the satellite passes. We begin 
by describing this system. 8 

The attitude calculation (and the thrust calculation 
as well) is too complex to be handled by the PDP-ll 
ground station computer, which is fully occupied dur­
ing the pass in managing the satellite data link. The 
attitude calculation is done on APL's IBM 3033 com­
puter, which is connected by telephone data link to 
the PDP-II. The telemetry attitude data are fed in real 
time to the IBM 3033, where the calculation is done 
in an interactive session. The system is shown sche­
matically in Fig. 3. Note that we had the capability 
to operate remotely through a station in Hawaii, as 
well as through the APL ground station. In this setup; 
the PDP-II acts as a "log-on" terminal for the IBM 
3033, controlling a second interactive session that 
receives the raw telemetry data and passes them 
through a shared disk file to the attitude/thrust time­
sharing option session. 

To use the system for our scheme, we had to add 
to the attitude determination software the extra pro­
gram to handle the thrust calculation described as item 
b above. The required equations are developed and dis­
cussed in the first boxed insert. This turned out to be 
a nontrivial program. The software was run interac­
tively, and the information about the firing was dis-
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Figure 3-Real-time computing system used for orbit adjust 
rocket firings . 

played on a graphics terminal in real time. A sample 
of the output display is shown in Fig. 4. 

From the program display, the decision was made 
whether or not to fire. We generally had three or four 
minutes to run the program and make the decision. 
The decision was based on many factors, not the least 
of which was whether or not we believed the answers 
we were getting from the software. 

At times the decision was difficult. For example, in 
the case where the optimum firing time was nearly one 
full orbit after set, this meant we had just passed the 
optimum point. The questions then became: Should 
we wait for nearly an hour and a half to get back to 
the optimum point and risk the inevitable nutation 
buildup? Or should we fire immediately during the 
pass while we had good stability and accept somewhat 
less than optimum geometry? This type of decision had 
to be based on numerous factors such as the current 
spin rate and nutation angle, how far past the opti­
mum point we were, and how "good" the thrust would 
be if we waited. 

There was one final problem to be solved before the 
entire scheme could be made to work. This involved 
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OATS FIRING INFORMATION 

THE PURN FIGURE OF MERIT • 1.8532~~E+00 
S-T-U DIRECTION AT FIRE 0.8039 0.5790 -0.1360 

CHANGE TO SEMI-I'IAJOR AXIS· 13.50 (NM) 
CHANGE TO ECCENTRICITV • 3.8~SE-03 
CHANGE TO INCLINATION -0.023 (DEG) 
ARG. OF LATITUDE AT FIRE • 3~2.8 (DEG) 

S09~0 (SEC) UT TIME OF FIRING 
TIME OF FIRING 76.00 (MINUTES AFTER SET) 

CLOCK SETTING IN HEX ToeS - 236A.SF9B 

HIT CARRIAGE RETtJRN TO RETI..lRN 

Figure 4-Real-time cathode ray tube display for orbit adjust 
rocket firing. 

item d above-transmitting the firing data back to the 
satellite computer in real time. As mentioned previ­
ously, the time queue and delayed command data are 
prepared and formatted for transmission by the 
PDP-II program called TIPLOAD. The problem was 
that TIP LOAD was a prepass utility, not designed to 
be run in real time during a pass. And even if it could 
be run in real time, the PDP-II was completely taken 
up during the pass by the program handling the real­
time data links. The TIP LOAD function is a complex 
task, and there seemed no way to get in the time queue 
data to control the firing. 

The solution was beautifully simple. We made all 
of the times in the calculation and in the time queue 
be relative to the satellite set time for the pass. Then 
we simply controlled the firing time by setting the sat­
ellite clock to a dummy value to make the rocket fire 
at the correct amount of time after set. The clock was 
already designed to be easily set in real time by simple 
keyboard type-in. The time queue for firing could be 
formatted as a fixed set of times relative to zero and 
prepared for injection in a single TIPLOAD run. 

The actual rocket firings were quite complicated. A 
successful operation required that all of the computers 
involved, as well as the telephone data links, be oper­
able for the pass. We had many operations scrubbed 
because of computers going down or because of sim­
ple human error caused by the time pressures. A syn­
opsis of the entire operation is as follows: 

1. On the day prior to the pass, transmit a spin-up 
scenario into the flight computer, scheduled to 
begin five hours before the pass. 

2. Just before the pass, bring up all computers, es­
tablish the telephone data links in full duplex, 
and initialize interactive sessions on the central 
computer. 

3. As soon as the satellite rises, send commands to 
begin transmitting telemetry attitude data. At this 
point, we have less than eight minutes to com­
plete the operations. 
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FINDING THE FIRING POINT FOR AN ORBIT ADJUST ROCKET, GIVEN AN ATTITUDE 

We define the S, T, and W directions in inertial 
space as follows: S is in the direction of the radius vec­
tor to the spacecraft, T is normal to S in the orbit plane 
in the direction of motion, and W is normal to the 
orbit plane along the angular momentum vector. 

The attitude of the spacecraft when spinning about 
its longitudinal axis is given in terms of the right ascen­
sion, a, and declination, 0, of the spin vector in the 
direction of thrust. a is measured from the equinox, 
and 0 is measured northward from the equator. Hence, 
the unit vector in the thrust direction is 

(

COS 0 C?S a) 
cos 0 sm a 

sin 0 
F (1) 

The S, T, and W components of F are related to 
F by 

(2) 

where Ra (0) is a rotation of angle 0 about the a axis, 
{3 is the argument of latitude, i is the orbit inclination, 
and 0 is the orbit ascending node. 

We can define components A, B, and Cas 

(A~) = Rx (i) R z (0) F (3) 

so that 

(4) 

Multiplying out the matrix equations 1 and 3 results 
in 

A cos 0 cos a cos 0 + cos 0 sin a sin 0 

B - cos 0 cos a sin 0 cos i 
+ cos 0 sin a cos 0 cos i + sin () sin i 

C = cos 0 cos a sin 0 sin I 
- cos 0 sin a cos 0 sin i + sin 0 cos i . 

The planetary equations to zeroth order in eccen,. 
tricity can be integrated assuming an impulsive thrust 
with direction components S, T, and W. Using Eq. 
4, the integrated equations can be written in terms of 
A, B, and Cas 
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2 
t:.a = - (- A sin (3 + B cos (3) Pt:.t 

n 

Pt:.t 
t:.e (A cos {3 sin f + B sin {3 sin f 

na 
+ 2{3 cos {3 cos f - 2A sin (3 cos f) 

Pt:.t 
t:.i = - (cos (3) C , (5) 

na 

where Pis the the magnitude of the thrust andfis the 
the true anomaly. These give the changes in the orbit­
al elements (a, e, and I) for a firing of duration t:.t. 
The thrust magnitude is known a priori from the fuel 
tank pressure, and the thrust duration is selected to 
be of significant length but not so long that the im­
pulsive nature of the thrust is destroyed. Generally, 
this is four to eight minutes. 

The optimum changes in the orbit elements (t:.aT' 
t:.eT, t:.iT) can be calculated as if the same duration 
thrust were to be made but with freedom to choose 
the direction (a, 0) as well as the true anomaly. The 
equations for the t:.aT, t:.eT, and t:.iT are not given 
here, but the results are such that the ratios t:.aT/ t:.eT 

and t:.aT / t:.iT are maintained constant from firing to 
firing. 

The program to determine the time to fire loops 
through the true anomaly in 10 increments complete­
ly around the orbit. At each position, the changes t:.a, 

t:.e, and t:.i are computed and a figure of merit (PM) 

constructed: 

J (fla ) 2 ( !le ) 2 ( !li ) 2 FM = WI - - 1 + Wz - - 1 + W 3 -:- - 1 , 
!laT !leT !lIT 

where the weights WI' W2 , and W3 may be input. If 
the orbit changes were all equal to the optimum 
changes, PM would be zero. The program determines 
the true anomaly that minimizes the PM and repeats 
the process for a new set of input weights on opera­
tor command. Thus the results could be obtained for 
various cases and compared before a choice was made. 

An example of the cases examined was to set W3 
= 0 and WI = W2 = 1 in order to remove any con­
straint on changing the inclination and then to do the 
best we could at raising the orbit and circularizing. 
The idea here was that if we could get a really favor­
able along-track thrust today at the expense of a small 
inclination change in the wrong direction, we could 
probably make up the inclination change on the next 
thrust. 

Once the optimum true anomaly was selected, the 
program then calculated from the orbit geometry the 
length of time after set that would center the firing 
on that position. This was then converted to a "dum­
my" setting for the satellite clock and displayed for 
the spacecraft controller to use if the decision was 
made to fire. 
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4. Record attItude data on the IBM 3033 for about 
three minutes and then begin the attitude and or­
bit computations. 

5. While the orbit computation is being carried out, 
inject the' 'relative-time" delayed command and 
time queue data for firing into the flight com­
puter. 

6. Examine the displayed results and make the de­
cisions about the firings . 

7. Either fire immediately, set the satellite clock to 
the correct dummy value for a delayed firing, or 
abort. 

8. On the next pass, set up the computer to begin 
a two day de-tumble operation using the DAMP 
program. 

The scheme worked well, although it was a trying 
experience. (On one harrowing pass, we actually fired 
the rocket backwards, but all other firings were suc­
cessful.) We were able to average about two 4-minute 
firings a week for a month or so, using up nearly half 
the fuel. But things then began to go badly. We had 
always felt that a half-empty fuel tank would cause 
worse stability problems than a full one simply because 
there would be more sloshing around of the hydrazine. 
Sure enough, this began to happen; worse yet, the 
spacecraft began to come up spinning, consistently 
oriented normal to the orbit plane. We attributed this 
to spin-orbit coupling that became worse with the in­
creased damping of a half-empty tank. This geome­
try was unfavorable because we were most interested 
in raising the altitude, which requires an along-track 
thrust. After trying without success for several weeks, 
we realized that a new idea was needed. The idea was 
not long in coming, and once again the on-board com­
puter saved the day. 

The Tumble-Thrust Program 
The new idea for firing the orbit adjust rocket was 

a radical departure from our previous method - we 
abandoned the idea of trying to maintain any attitude 
control during the firing. Instead, we decided to let 
the spacecraft tumble, because that is what it wanted 
to do, and fire the rocket in short bursts when it hap­
pened to be pointing in the right direction. 

Thus, we could let the flight computer continuous­
ly determine the spacecraft attitude and then quickly 
fire the rocket by delayed command when a good op­
portunity arose. Attitude determination programs are 
nontrivial, and this would have been an extremely dif­
ficult program to write had it not been for some sim­
plifying circumstances. 

At that time, we were getting close to the orbit we 
wanted; we needed only to raise the perigee altitude. 
Thus we were willing to do all our firings in the along­
track direction in the vicinity of apogee (within 30° 
or so in true anomaly). That would raise the orbit with­
out increasing the eccentricity and without affecting 
the inclination. It turns out for a near-polar orbit that 
there is a simple relationship between the magnetic 
field in the equatorial regions and the along-track 
direction. This geometry is illustrated in Fig. 5. 
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Figure 5-TIP orbit geometry for tumble-thrust program. 

It can be seen from Fig. 5 that the field lines are 
roughly parallel to the flight path in the regions near 
the equator so that, when the spacecraft is aligned with 
the field, it is aligned with the velocity vector. Hence 
the approximate determination of along-track orien­
tation in these regions becomes trivial using the sam­
pled magnetometers. 

We had observed during our prior operations that, 
when tumbling, the spacecraft angular momentum vec­
tor tended to align itself normal to the orbit plane. Ap­
parently there was a strong spin-orbit coupling caused 
by the perturbing torques. In this case, the tumble mo­
tion in the orbit plane continuously carries the longitu­
dinal axis through the spacecraft velocity vector, giving 
ample along-track firing opportunities. 

To control the firings, we developed a program 
called THRUST that was another special version of 
the telemetry monitoring program. This program con­
tinuously monitored all three magnetometer channels 
and determined when the spacecraft was aligned along­
track by the following test: 

JMxJ < C1 

JMyJ < C2 

KMz < 0, 

where Mx, My, and Mz are the orthogonal body­
fixed magnetic field readings, C1 and C2 are select­
ed thresholds, and K equals + 1 for a north-going ge­
ometry or -1 for a south-going geometry. The test 
on M z is to establish that the thrust direction will be 
parallel to the velocity vector, rather than anti parallel. 
When the tests were satisfied, the program would im­
mediately issue delayed commands to fire the rocket 
for 2 seconds and then rearm for another firing. The 
CYCLE program was used to activate the THRUST 
logic periodically for about 10 minutes near each equa­
tor crossing closest to apogee. 

The program worked best at a low tumble rate be­
cause of the telemetry sampling rate and the 2.3-second 
time required to issue the firing command. For exam-
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pIe, if the tumble rate were 1 rpm, the thrust axis would 
move about 14 0 in the time needed to issue the com­
mand and another 12 0 during the 2-second burn. This 
would amount to an effective 20 0 pointing error for 
the thrust. Also, at 1 rpm the spacecraft would move 
about 26 0 between telemetry samples at the 4.2-second 
frame rate. Thus we had to open C1 and C2 to a 
reasonably high value (about 20070 of full scale) to en­
sure an angular window large enough to avoid miss­
ing opportunities due to the telemetry sampling rate. 

We needed only approximate along-track orienta­
tion (± 45 0) on each firing to do the job, relying on 
the off-track components to cancel from firing to fir­
ing. The telemetry sampling times tended to fall ran­
domly in the angular window established by C1 and 
C2 ; this helped average the off-track components. 
However, the command time lag caused biases that 
were not too serious since the off-track components 
tended to be radial thrusts that only slightly affected 
the eccentricity. 

Because of the above considerations, about 1 rpm 
was the practical limit in tumble rate for the program 
to work effectively. We started the spacecraft tumbling 
very slowly and found that the firings themselves 
caused the tumble rate to increase continuously be­
cause of the small displacement of the thruster axis 
with the spacecraft center of mass. The rate increased 
about 1 rpm for each minute of firing. This meant that 
the scenario had to switch periodically to the DAMP 
program to de-tumble and prevent the tumble rate 
from building up. 

Once the scenario was devised, the process worked 
well. We simply sat back while the flight computer 
continuously and autonomously pushed the altitude 
up for a week or so. (The people at the Naval Space 
Surveillance System, who were determining the orbit, 
were quite startled when the period began creeping up 
orbit by orbit. Their software could not handle that 
case.) From an initial parking orbit of about 180-
nautical-mile perigee by 380-nautical-mile apogee, we 
finally achieved an orbit of about 320 by 450 nautical 
miles. 

At that point, it was important to vent the remain­
ing hydrazine so that the spacecraft could be put into 
the gravity-gradient mode. The next spacecraft (TIP­
III) was scheduled for launch, and we wanted to con­
tinue the engineering checkout so that other potential 
problems would be uncovered before launch. The vent­
ing system was designed to release the hydrazine to the 
side with the spacecraft spinning about the z axis. Since 
the spacecraft was unstable in spin, a large tumble mo­
tion resulted from the venting operation. 

The tumble motion was much faster than we had 
hoped. Two of the four solar panels were wrenched 
from their stowed position by the centrifugal force, 
and the spacecraft ended up tumbling at 45 rpm. This 
was being dissipated at the rate of about 0.2 rpm per 
day because of the spacecraft magnetic hysteresis. The 
gravity-gradient boom could not be erected until the 
spacecraft was stationary, and we needed to do that 
in less than three months to lead the upcoming TIP-
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III launch sufficiently. We were in an obvious time 
bind and needed to use the z coil to help dissipate the 
tumble motion. The program developed for this was 
the most complicated of all the special post-launch 
programs. 

A Digital Phase-Locked Loop for De-Tumble 
The DAMP program, which switched the z coil to 

produce a de-tumble torque, begins to lose effective­
ness over about 1.5 rpm. At 2 rpm it does not work 
very well, and at 45 rpm it is useless. Some simple 
arithmetic shows the problem. It takes two telemetry 
frames to sense the derivative in the z magnetometer 
and then another 2.3 seconds to send the command 
to switch polarity. The resulting average time delay is 
6.6 seconds, 9 and at 2 rpm this amounts to 79

0 in the 
phase of the tumble motion. At 45 rpm, the period 
of the motion is 1.3 seconds so that even continuous 
commanding cannot switch the z coil polarity once per 
cycle. 

A program was needed that could determine the 
phase of the tumble motion well enough to anticipate 
the peaks and troughs in the z magnetometer reading. 
Then the command strings could be started with pre­
cisely the lead time needed to have the relay switch at 
the right instant. For motions faster than 25 rpm where 
the period is less than the 2.3-second command time, 
the polarity could be switched in phase with the mo­
tion every other cycle. Switching every other cycle 
makes the damping only 50% as effective, but it was 
still an improvement over the damping provided by 
magnetic hysteresis. 

We decided to implement a digital phase-locked loop 
in the flight computer to lock onto the phase of the 
tumble motion and control the z coil switching. There 
were some nontrivial problems to overcome in this im­
plementation. First, we were performing the compu­
tations on a computer that had no floating-point 
arithmetic capability (either hardware or software) and 
also had no hardware divide capability.lo Conse­
quently, we had no programs for generating the 
trigonometric functions needed to construct (digital­
ly) the local oscillator signal inside the computer. To 
work around this difficulty, we decided to lock a saw­
tooth function onto the magnetometer signal rather 
than a sine wave. The unit amplitude, shown in Fig. 
6, can be generated from simple fixed-point oper­
ations: 

At any time t, the sawtooth value, f (t), is given by 

f (t) = 4w j (t - Tt ) - 1 

f(t) = 3 - 4wj (t - Tt ) 

whenwj (t - Tt ) <0.5, 

when Wj (t - T t ) >0.5, 

~Tj-+j 
I I Locked on 

f('1\ ~ffi 
IV w\J!\1 

Figure 6-Sawtooth function for phase-locked loop. 
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where Wj is the current sawtooth frequency (l / 1)) 
and T( is the time of the last sawtooth trough. 

After estimating the amount of work involved in de­
veloping a software floating-point package, we decided 
that the phase-locked loop could be written in fixed­
point arithmetic using the sawtooth function. The cal­
culations had to be properly scaled, and double and 
triple word precision was used in some places where 
needed. 

The calculations were designed to avoid division 
wherever possible. In two places it was unavoidable, 
so we wrote a software division algorithm using an iter­
ation method for the inverse. This consists of iterat­
ing the following equation: 

Yj + I = Yj (2 - XY) from Yo = 1, 

where X is the number for which we wish to obtain 
the inverse, and Y is the estimated inverse. The meth­
od converges for all positive X < 2, and we ensured 
convergence by proper scaling. 

The error signal for the phase-locked loop was the 
product of the sampled signal (the z magnetometer 
reading) and the sampled voltage-controlled oscilla­
tor output (the internally generated sawtooth func­
tion). The filtered error signal then drove the sawtooth 
in phase, frequency, and frequency drift. 

The main problem to be overcome was the aliasing 
problem caused by the low sampling rate of the telem­
etry system. Our sampling frequency was 0.236 hertz, 
and we were trying to stay locked to a signal (the z 
magnetometer reading) whose frequency was in the 
range 0 to 0.75 hertz. As the tumble rate decreased, 
the signal frequency passed through the multiples of 
the sampling frequency causing singularities where the 
error signal was driven to a constant value. We avoided 
this problem by making the loop second order with 
variable gain and then using the estimate of frequen­
cy drift to "flywheel" through the singular points. As 
the frequency approached a mUltiple or half multiple 
of 0.236 hertz, the gains were reduced to zero so that 
the sawtooth was running open-loop. As the frequen­
cy passed through the singular point, the gains were 
gradually reestabliShed to their closed-loop values. 

We were aided in t~e implementation by knowing 
rather accurately the frequency drift (i.e., the tumble 
rate change) when the z magnet was both off and on. 
Those rates were determined experimentally using the 
DAMP program at low tumble rates. It can be shown 
from simple mechanics that the effect of the z coil on 
the tumble frequency is independent of the frequen­
cy. We had determined the effect to be 0.09 rpm per 
10 minutes of z coil operation near the earth's equa­
tor. Thus we could switch to the appropriate drift value 
as the z coil was turned on or off and thereby avoid 
introducing large transients into the loop. This meant 
we could duty cycle the z coil as necessary and still 
maintain accurate phase lock. 

We could also determine to within about 0.1 rpm 
the frequency of the tumble motion by independent 
analog means. Because the tumble motion rotated the 
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spacecraft antenna, the ground receiver automatic gaIn 
control voltages could be monitored to determine the 
tumble rate. That method was used to give the pro­
gram starting values for the frequency when needed. 

We provided an automatic gain control feature to 
compensate for the varying amplitude of the z mag­
netometer signal caused by the change in the earth field 
strength with orbital motion. The field amplitude 
changes by a factor of three within one orbital revo­
lution. That control was accomplished by filtering the 
absolute value of the signal and using it to normalize 
the magnetometer readings to unit amplitude before 
generating the error signal. The telemetry readings also 
had to be corrected for the effects of the z coil dipole. 

The details of the loop are given in the second boxed 
insert. We determined the appropriate gains and fil­
ter time constants by making a computer simulation 
of the complete process and adjusting experimentally 
until we could make it work through the range of fre­
quencies from 45 to 2 rpm. We found that the phase 
error would build up to 20 0 or so as the frequency 
passed through the aliasing points, but this was more 
than enough accuracy to provide effective de-tumble. 
The simulation showed that the loop could achieve 
phase lock from a 180 0 initial phase error with an ini­
tial frequency error of 0.2 rpm. The time required to 
lock on was about 20 minutes. 

The system was implemented in the flight computer 
as two separate programs: (a) a special version of the 
telemetry monitoring program that processed the mag­
netometer readings and locked onto the phase of the 
motion, and (b) a clock-synchronized delayed com­
mand program that used the latest phase information 
from the first program to control the z coil switching 
commands. The two programs ran independently but 
worked in concert, passing information back and forth 
through shared memory locations. The phase-lock pro­
gram ran continuously, and the z coil switching pro­
gram was cycled on for about 15 minutes near the 
equator crossings in each orbit period. 

It took less than one month for the computer to de­
tumble the spacecraft, allowing us to go on with the 
spacecraft checkout in time to change the TIP-III 
spacecraft operation in some important ways. 

Generating a Tumble Motion 
for Centrifugal Force 

After the de-tumble was complete, the gravity­
gradient boom was erected on TIP-II. Because of an 
unforeseen problem with scissors booms, the links 
broke during the motor-driven deployment. It was too 
late to change the boom on the next spacecraft but the 
problem was studied and finally understood. The con­
clusion was that the boom could be successfully 
deployed if it were kept in exactly the correct amount 
of tension using centrifugal force, which could be 
generated by tumbling the spacecraft at the correct 
rate, an operation that we were beginning to master. 

On TIP-III, the boom was successfully deployed in 
this manner: The spacecraft was tumbled by using the 
same phase-locked loop program and simply revers-
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DIGITAL PHASE-LOCKED LOOP FOR Z COIL CONTROL 

Each telemetry frame , the program receives a sam­
ple of the raw z magnetometer, Mi ~ which we refer 
to as the ith measurement. This measurement is then 
processed to give an updated phase and period for the 
sawtooth function to control the z coil commands. The 
loop is shown schematically in the figure. The com­
putations are given in the following steps. 

1. Each measurement, correct for the effect of the 
z coil: 

m i = M i - Ktl., 

where mi is the corrected measurement, M i is the 
raw measurement, tl. is the z coil dipole moment, 
and K is ± 1, depending on the z coil state. 

2. Normalize measurements: 

A 

= normalized measurement , 
1.5 AMi 
1/256 . 

3. Compute the sawtooth value based on the last 
known trough time and frequency: 

'i [(Ii - Tt ) W] modulo I (fractional part) , 

f 4'i - 1, if'i < 0.5 

I i 3 - 4'i, if ' i ~ 0.5 , 

where ' i is the fractional part of a cycle since the 
last trough, Ii is the time of the present measure­
ment, Tt is the time of the last trough, W is the 
current sawtooth frequency, and/; is the value of 
the sawtooth function. 

4. Compute and filter the error signal recursively: 

Pi = FMi X I i (current product) , 

Ri = BPi - CPi- 1 + DRi_ 1 (error signal) , 

B 3/ 256 , 

C 1/128, 

D 31/32 . 

5. Check for aliasing points and reduce the error­
signal if necessary: 

ing the z coil polarity commands. It was extremely im­
portant during the tumble-up operation that the rate 
stay within narrow limits. If the rate became too high, 
the boom links would have been broken in tension; 
if it became too low, the links would have broken in 
compression. The tumble rate had to be kept within 
10070 of its prescribed value at all times. It proved easy, 
using the existing special programs, to let the flight 
computer automatically monitor and increase the tum­
ble momentum bit by bit as the boom was gradually 
deployed over a three-week period. 
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Gain control to correct 
for amplitude variations 

Input 
Mj 

from 

Voltage­
controlled 

Filter 
and 

integrate 
product 

Rj 

Phase change 

'-----i oscillator i-+--------i 
W, Tt (sawtooth 

Loop parameters : 

A = 1/ 256 
B = 3/ 256 
C = 1/ 128 
D = 31 / 32 

generator) Drift change 

K 1 =2- 10 Hz 

K2 = 2- 20 Hz 

Digital phase-locked loop for z coil switching. 

If I W - Wa I < 0 ,Ri = R i ( W ~ Wa ) 2 

o = 0.1 rpm. 

6. Apply controls to the sawtooth value: 

W W + wtl.1 - K I Ri (frequency), 
, . - R · 

T( = Ii - I I (time of last trough) , 
W 

where ' i is the fractional part of a cycle calculat­
ed in step 3. 
Commands to control the z coil are then issued 

based on Tr and 1/ w. The value of w is changed to 
the appropriate theoretical value if the z coil is turned 
off or on. This results in a small ramp-type transient. 

FINAL REMARKS 

As a result of the flight computer control capabili­
ty, the TIP-II and TIP-III spacecraft achieved a sub­
stantial success. The TIP-III spacecraft was able to 
achieve three-axis stability with the disturbance com­
pensation subsystem in full operation. This allowed 
valuable in-orbit testing of the important subsystem, 
which is difficult (if not impossible) to fully test on 
the ground. As a result of the testing, several impor­
tant engineering changes were developed and im-
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plemented in the Nova version of the spacecraft. The 
TIP-II spacecraft became operational as a navigation 
satellite for limited periods (when the percentage of 
sunlight was high enough). As the prototype spacecraft 
in a new series, it also provided a valuable training and 
test capability to the Navy personnel who operate the 
navigation satellite system. 

Later in the program, after the first Nova became 
operational, various other changes were introduced 
into the flight software to reduce operational manpow­
er, expand the spacecraft capability, and correct un­
anticipated difficulties. These changes will not be 
discussed here; however, they all served to enhance the 
mission greatly. 

The overall program experience proved to be a dra­
matic illustration of the power of having a program­
mable computer on board a spacecraft. Equipped with 
the powerful capability to modify the on-board logic 
after launch, we seemed to be limited only by our own 
ingenuity in finding ways to use the system. 

It cannot be emphasized enough that an on-board 
processor that has its program burned into program­
mable read-only memories will not provide a similar 
capability, even if the processor is much more power­
ful. A very real value lies in the adaptability of a sys­
tem after launch. The approach taken to achieve 
mission goals, and even the setting of the goals them­
selves, will be greatly influenced by, for example, a 
fully reprogrammable fifth generation computer 
aboard a spacecraft, able to communicate with and 
control the various other sensors and subsystems on 
board. One can envision such a system being pro­
grammed in high-level language using artificial intel-
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ligence techniques to produce a program able to 
control the spacecraft in intelligent ways, recover from 
failures, and adapt to changing situations. 
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