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ABSTRACT 

Pulsed Plasma Thrusters (PPTs) are finding renewed 
interest for spacecraft attitude control system (ACS) 
applications. The unique combination of a small precise 
impulse bit and a high Isp makes PPTs attractive for many 
such applications. PRIMEX Aerospace Company (PAC) is 
performing studies to gain insight into the application of 
PPTs for spacecraft ACS. Preliminary results of the first 
six months of this study are described in this paper, along 
with information about the PPT attitude control 
demonstration aboard the NASA EO- 1 spacecraft. 

INTRODUCTION 

Pulsed plasma thrusters are self-contained, low mass, high 
I, propulsion systems, that provide repeatable, discrete 
impulse bits. PPTs have a successful spaceflight heritage, 
having flown on the LES 6 and NOVA satellites’ ‘* . For 
many larger spacecraft propulsion applications (e.g. N-S 
stationkeeping), the low impulse bit (50 - 1000 mN-set) of 
the PPT was unsuitable and a hiatus in applications ensued. 
However, PPTs are now enjoying renewed user interest for 
small satellite applications and attitude control for larger 
satellites. PRIMEX Aerospace Company is currently under 
contract to NASA Lewis Research Center (LeRC) to 
develop two flight PPTs: one for orbit raising on the Air 
Force MightySat spacecraft, and the other as a flight 
experiment to demonstrate pitch axis attitude control on the 
.NASA New Millennium EO-1 spacecraft. Details of the 
:PPT system and physics and of the NASA LeRC 
development program are given in previous papers.3’4’5*6 

13ecause of their unique combination of a small, throttleable 
impulse bit and high Isp, PPTs provide an attractive option 
for an all-thruster attitude control system (ACS). In 
addition to providing the same function as traditional ACS 
c:omponents at competitive and, in some cases, lower mass 
and power, an all PPI ACS can also complete translational 
maneuvers such as stationkeeping and orbit maintenance 
(functions that are impossible with a non-propulsive ACS). 
This paper summarizes an investigation of the application 
of all-PPT ACS to a variety of spacecraft chosen to 
represent LEO, MEO, and interplanetary mission classes. 
A description of the near-term demonstration of a PPT 
performing an ACS function on the EO- 1 spacecraft is also 

given. In this paper, mass, power, and/or pointing 
capability are used as the primary figures of merit for the 
comparison between conventional and all-PPT ACS 
approaches. 

ATTITUDE CONTROL SYSTEMS 

Reaction or momentum wheels are traditionally used in 
small satellite and spacecraft ACS applications. A reaction 
wheel is a device that supplies pure torque to a spacecraft. 
A disk, designed to have a high moment of inertia with a 
low mass, and an electric motor make up the mechanical 
system. When the motor increases the momentum on the 
wheel, equal and opposite torques are supplied to both the 
wheel and the spacecraft. Three wheels are needed to 
supply torque in each of the three axes, and one skewed 
wheel is sometimes installed for redundancy. Magnetic 
torque rods or thrusters are used to “dump” momentum 
when the wheels are saturated. A magnetic torque rod is a 
wire coiled, electromagnetic bar. As current flows through 
the coils a magnetic dipole is created, which in turn 
interacts with the earth’s magnetic field and creates a torque 
on the satellite. One torque rod is necessary in each axis to 
provide desaturation for the full set of momentum wheels. 
Satellites in higher earth orbits (where the earth’s magnetic 
field is weak), or interplanetary spacecraft , must rely on 
thrusters for momentum wheel desaturation. These ACS 
components are used as a baseline for the evaluations in 
this paper. 

A potential configuration for a PPT ACS is shown in Figure 
1. The most massive element of the PPT system is the 
capacitor. However, several thrusters (fuel bar % electrode 
assemblies) can be mounted on a single capacitor. In this 
configuration, three orthogonally oriented fuel bars have 
been mounted on each capacitor, and four of these 
assemblies are mounted strategically on the spacecraft, 
providing a total of twelve PPTs for the ACS. Each of these 
capacitor & thruster assemblies can be operated by a 
dedicated power processing electronics unit, or to reduce 
mass, the power processing electronics can be shared by 
two of these assemblies. In this configuration, two thrusters 
fired at the same time can give a pure torque or a pure 
translation along any of the three axes, with backup pairs 
providing full redundancy. 

Copyright 1997 by the Electric Rocket Propulsion Society. All rights reserved. 
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Figure 1, Proposed PPT installation for three axis 
attitude control 

An all-Pm ACS must be scaled to accommodate the 
attitude control requirements of each spacecraft. The PPT 
can be scaled to provide a wide range of discrete impulse 
bits, as well as total impulse. The impulse bit is a function 
of the power used per pulse, and the area of the fuel face 
exposed to the discharge. Thrust can be scaled by either 
increasing pulse frequency at a constant discharge energy, 
or by increasing the amount of energy per discharge. Thus, 
in either case, thrust scales with power. The total impulse 
of a single device is governed by the amount of the fuel 
and the life of the capacitor. The capacitor mass is a 
function of the pulse life and discharge energy per pulse. 
The mass of the power processing electronics are basically 
constant for most PPT applications in the 20 - 200 Watt 
range. 

MODEL DESCRIPTION 

To perform ACS trade studies, it is critical to accurately 
calculate the environmental torques on various spacecraft. 
A model of the disturbance torques on a satellite due to 
environmental factors has been created at PAC. This model 
was used to calculate the environmental disturbance torques 
on the satellites examined in this paper. The four main 
environmental factors that contribute to the torques on a 
spacecraft in Earth orbit are as follows: gravity gradient 
from the Earth’s gravity field, pressure from solar 
radiation, Earth’s magnetic field interacting with the 
residual dipole of the spacecraft, and aerodynamic drag 
from the Earth’s atmosphere. For spacecraft far from Earth, 
all of these but solar pressure are negligible. Forces and 
torques from each of these contributors can be calculated 
s,eparately and then added together in vector form to get the 
roll, pitch, and yaw torques that any ACS system must 
counteract. Details of the model and the individual torques 
calculations are described in a previous paper.6 

The total environmental torques are determined by adding 
the torques from these four components. A summary of the 
environmental torque contributions for the EO-1 spacecraft 
is given in Figure 2. The variation torques over the orbital 
period is evident from this plot. Some torques are cyclic, 
which means that conventional wheel based systems can 

cancel them with no net increase in momentum. All-PPT 
systems must continuously curcel these torques and thus 
incur a penalty relative to the wh4el-based systems. 
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Figure 2, TotaI disturbance Eorq~ on &e EO-1 aatdiite 

The model was validated, using the EO-1 case, against a 
NASA GSFC code and showed good agreement. The 
torque values calculated using this model were used to 
appropriately size the attitude control systems, both 
conventional and all-PPT, for each of the spacecraft in this 
investigation. 

EO-1 SPACECRAFT 

The New Millennium Program EO- 1 mission will be the 
first spacecraft to demonstrate the use of a PPT for attitude 
control. EO- 1 is sponsored by NASA Goddard Space Flight 
Center, and is scheduled to launch in mid-1999. The main 
payload is an Earth imager and the science objective of the 
mission is to fly in formation with Landsat, 15 minutes 
ahead or behind. In addition to this primary experiment, a 
PPT that is currently being developed at PAC under a 
NASA LeRC contract will be flown in back-up mode for a 
pitch axis reaction wheel. At predetermined points during 
the EO- 1 mission, the pitch axis reaction wheel will be 
idled, and the PPT will be used to compensate for pitch axis 
environmental and internal torques. The PPT will be 
operated in this manner for a minimum of three days. The 
PPT that will be used in the EO- 1 flight is shown in Figure 
3. 

The spacecraft mass is approximately 150 kg, and has a bus 
power of approximately 300 W. The orbit for the EO-1 
mission will be 705 km, circular, sun-synchronous. The 
EO-1 satellite is shown in Fig. 4. The satellite is Earth 
pointing, while its single solar array is constantly rotated to 
face the sun while the satellite is not in Earth’s shadow. 
The solar array is “hard wired”, so that the array must be 
rewound 240 degrees, while the satellite is in the Earth’s 
shadow. 
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Figure 3, The PPT for the EO-1 flight experiment 

Figure 4, The EO-1 Spacecraft 

The environmental disturbances calculated using the PAC 
model for the EO- 1 spacecraft over the course of a single 
orbit were previously shown in Figure 2. The satellite was 
designed to minimize it’s magnetic dipole, thus, torques on 
the spacecraft due to the earth’s magnetic field are 
negligible. Since the satellite is sun-synchronous, the 
torques shown will be similar from orbit to orbit. 

In addition to the environmental torques, the spacecraft 
performs two maneuvers that generate significant internal 
torques. These maneuvers are the rewind of the hard wired 

solar array, and a solar-array parking maneuver (used 
during earth imaging). The solar array rewind puts a 
substantial torque on the craft in the pitch axis. The torque 
required to rotate the array 240 degrees in the 2000 seconds 
the spacecraft is in Earth’s shadow is 2.945 x 10d N-m for 
the first 500 set, and 2.945 x IO” N-m in the opposite 
direction for the last 500 sec. A constant disturbance 

torque of 1.0 x 10’ N-m is added to this to allow for worst 
case environmental torque in the pitch axis during shadow 
for a total torque value required of 3.945 x 10” N-m. The 

solar-array parking creates a torque of 3.0~10~ N.m for 125 

seconds while the solar is slowed to a stop from it’s typical 
solar-tracking angular velocity, and then several minutes 
later, creates another 3.0~10~ N.m torque for 600 seconds 

to bring the array back up to the solar tracking velocity and 
position. 

When the rewind and parking pitch torque is added to the 
environmental torques, the following maximum torque 

values are obtained: 

Roll axis (X): -3.OO.lO’N.m 

Pitch axis (Y): 3.95 x lo4 N-m 
Yaw axis (Z): -6.30.10d N.m 

Assuming one rewind and one parking maneuver per orbit, 
and integrating the total torques over the 4 year lifetime of 
EO-1 gives the total angular momenta. The positive and 
negative values of the angular momentum are separated for 
future calculations, and are as follows: 

Roll Pitch Yaw 

Negative (N.ms) 13,190 7,157 50,520 

Positive (N.ms) 6,200 10,063 0 

In addition to providing the maximum torque and the total 

angular momentum to the spacecraft, the ACS must also 
provide a pointing accuracy of 0.1” or better to support the 
science mission of the spacecraft. 

CONVENTIONAL ACS FOR EO-1 

The maximum torques on EO-1 are relatively low, so the 
smallest available reaction wheels can handle the load. The 
smallest wheels found are the Ithaca T-reaction wheel Type 
A’. Each wheel has a mass of 2.55 kg. For the small wheel 
considered here, the accompanying electronics have a mass 
of 0.9 kg. Mounting brackets for each wheel have a mass 
of approximately 0.3 kg. This gives a total mass of the four 
wheel system of 15 kg, as seen in Table 1. The required 
peak power can be as high as 13 W during solar array 
rewind, giving a total steady state power input of up to 33 
W for three operating wheels (13 W in pitch, 10 W each in 
the other axis). Nominal steady state power is nine Watts 
per wheels, or 27 Watts. The pointing accuracy for this 
system depends upon the type of motor being used, but for 
present purposes the accuracy can be considered to be 
better than 0.03 degrees. 

Three magnetic torque rods are included in this system for 

momentum dumping. The rods were sized to provide at 
least 15% greater than the maximum anticipated torque. 

The Ithaca TR3OCFN TORQROD was selected for this 
application. One magnetic rod is needed in axis. Each rod 
has a mass of 0.7 kg, and a peak power requirement of 2 W. 

The mass and power requirements for this ACS system are 
summarized in Table 1. 
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Table 1, Mass and power Requirements for a conventional ACS compared to a PPT ACS for EO-1 

PPT ACS FOR EO-1 

The PPT ACS configuration shown in Figure 1 is assumed 
for this case. In this configuration, each PPT would have a 
moment arm of approximately 0.75 m from the spacecraft 
center of mass. To compensate for the largest torques the 
EO-1 satellite will encounter, or 6.30.10’ N-m , two 
thrusters, each supplying a thrust of 4.2.1O’N would 
provide this torque in a balanced couple. To generate this 
level of thrust for the 4 year lifetime of the satellite, a 25 
uf capacitor would be necessary for each set of three 
orthogonal PPTs (as shown in Figure 2). A capacitor of 
this magnitude has a mass of approximately 1.5 kg, as 
shown in Table 1. Electronics for this size of system has a 
mass of 1 kg per PPT/capacitor assembly. Each of the 12 
thrusters has a mass of 0.5 kg. Since the Isp of the PPT 
system is 1200 set, only 12 kg of Teflon propellant are 
required for the total impulse for the entire ACS system. 
Finally, the structure for each cluster has a mass of 
0.75 kg. Structural mass is very low due to the capacitor 
casing giving most of the support. This results in a total 
mass for the entire PPT ACS of 29 kg. 

A single PPT providing the desired 4.2.10’ N requires 31 
‘Watts. Note that two PPTs must operate at this power to 
Iprovide the torque needed, giving an output power of 62 
‘Watts. At the same time, torque must be provided to the 
roll and yaw axes, at the proper magnitudes. For a roll 
torque of 2.10A N.m, also during the rewind process, a 
total power output of 28 Watts is required. To provide 
3.95.10’ N.m of pitch torque, a total power output of 39 
Watts is additionally needed. A grand total of 129 Watts 
of output power from the four PPTs. The mass and power 
requirements for an all PPT ACS is shown in Table 1. 

The PPT ACS pointing accuracy is governed by the 
minimum I,,, the system can provide. For this system, the 
minimum Ihll would be approximately 50 pN sec. This 
minimum I,, would enable the spacecraft to reside, 
disturbance free, within a pointing envelope of 0.03” 
(comparable to the momentum wheel system) for up to ten 
minutes between thruster firings (assuming no disturbance 
torques on the spacecraft). Because of the small minimum 
C, PPTs can provide, pointing accuracies previously only 
attainable with non-thruster attitude control is possible 
thus eliminating the jitter that can be introduced by 
momentum wheel meters. If the ACS must react against 
disturbance torques while maintaining a pointing 
envelope, the small I,,, of the PPT can enable the 
spacecraft to accomplish this mission with a minimum of 
‘deadbanding’ (jittering back and forth within the pointing 
envelope). For this example, assuming a pointing 
envelope of 0.03’, and an J,,, of 50 pNse.c, the minimum 
disturbance torque the ACS could counter without dead- 
banding is 1’ lo” N,m. 

THE EO-1 PPT FLIGHT EXPERIMENT 

The PPT design for the flight experiment is a different 
configuration than a PPT that would be employed as part 
of an all-PPT ACS for the EO- 1 spacecraft. To expedite 
the design process, the flight experiment PPT shares 
several design features with a PPT that is also currently 
being developed at PAC under the NASA LeRC contract 
for small satellite orbit raising. The EO-1 flight 
experiment PPT is thus larger than would be appropriate 
for an all-PPT ACS for EO- 1. The PPT is also designed to 
be a bolt-on experiment for the EO- 1 mission, making it 
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heavier and less integrated into the spacecraft. The PPT 
system described in the section above is a more accurate 
approximation of the appropriately sized and configured 
PPT ACS for EO- 1. 

The PPT design for the EO- 1 flight experiment included 

many improvements over the previous state of the art. One 
of the primary improvements is impulse bit throttleability. 
Previous PPT flight designs provided a constant impulse 
bit. Thrust could be throttled to the extent the pulse 
frequency of the PPT could be varied. On the EO-1 
spacecraft, to facilitate the use of the existing ACS 
software on EO-1, which operates with a constant one Hz 
command cycle, the power processing electronics of the 
PPT were designed such that the amount of energy 
delivered to each discharge can be varied. Thus, though 
the PPT tires at constant frequency of one Hz. (when in 

operation), the impulse bit can range from 100 uNsec to 

850 pNsec. The magnitude of the impulse bit is 

controlled by the length of time the main discharge 
capacitor is charged. This throttleability enables the PPT 
to accurately compensate for the wide range of 
environmental torques as well as the significant internal 
torques encountered during the rewind of the hard-wired 

solar array. 

GPS SPACECRAFT 

The GPS mission consists of 24 satellites in sun- 
synchronous, ME0 orbits. Basically, each satellite covers 
the same ground track at the same time each day. The 
altitude and inclination is chosen to insure the orbit has 
approximately a 12 hr time period (minus 4 minutes each 
day) and is in a sun-synchronous orbit. These 
requirements result in altitude and inclination values of 

approximately 20,000 km and 55”, respectively. As with 

the EO-1 mission, the GPS satellites are Earth pointing, 
while the solar array remains oriented towards the sun. 
However, the entire GPS satellite turns in the yaw 
Idirection, and the solar arrays rotate in the pitch direction 

to keep the arrays orientated towards the sun. 

GPS satellites are in a sun-synchronous orbit, but the angle 
of the orbit plane with relation to a vector sun varies from 
satellite to satellite. There are six different orbit planes, 
each containing four satellites. Each orbit plane is 

separated by 30” from the previous one. For the analysis 

purposes of this paper, the disturbance torques on a GPS 
satellite were determined in four different planes. The 
environmental torques are calculated as they were for the 
130-l satellite above Since the GPS is in a very high 
(MEO) orbit, solar pressures dominate the environmental 
disturbances that the spacecraft encounters. The 

maximum environmental roll, pitch, and yaw torques were 

found to be: 

Roll axis (X): 2.0.10” N.m 

Pitch axis (Y): 2.510” N.m 

Yaw axis (Z): 0 N-m 

The entire GPS satellite rotates in the yaw axis to keep the 
solar arrays oriented towards the sun. The largest torques 
are generated by a 180’ yaw maneuver every six hours. 

This maneuver requires a torque of 7.5 10” N.m in the 

yaw axis. Adding this torque to the environmental torques, 
and integrating over the ten year lifetime gives the 
following angular momenta: 

ROB Pitch Yaw 

Negative (N.m-s) 6,015 1,348 11,833 

Positive (N.msI 0 1,333 11.833 

CONVENTIONAL ACS FOR GPS 

A reaction wheel, magnetic torque rod combination is 
currently in use on the GPS satellites!. To develop a 
system similar to that used on GPS, an Ithaca Type B 
reaction was chosen. Although the torques on the GPS 
satellites are lower than those on the EO-1 satellite, the 
momentum gained per orbit is larger due to the longer 

orbit period. This increase in momentum per orbit drives 
this choice. 

The torques on this satellite are lower than the ones on the 
EO-1 satellite, however, the magnetic field of the Earth at 
this higher altitude is much lower. The torquers must 

therefore create a magnetic dipole moment of 100 A.m’, 

which can be supplied by the Ithaca TRlOOCAR 
TORQROD. Mass and power requirements are shown in 
Table 2. 

PPT ACS FOR GPS 

Again, the ACS configuration shown in Figure 1 is 
assumed. To attain the required peak torques, two PPTs 
with a moment arm of 0.4 m each, would need a thrust of 
9.5.1U5 N apiece. To achieve the ten-year lifetime, 15 pf 

capacitors which have a mass of 0.5 kg apiece, must be 
used. The electronics and the thrusters do not change 

from the EO-1 PPT system. To provide the 32,400 N.rn.s 

of momentum at an I, of 1200, the PPTs must have a total 

mass of propellant of 6.9 kg. The total mass of the system 
is shown in table 2. 
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Table 2, Mass and power Requirements for a conventional ACS compared to a PPT ACS for GPS 

For a PPT to provide 9.510~’ N of thrust, it must receive 

4 joules of energy from the capacitor at a rate of 2 Hz, or 
in other words an average of 8 Watts. Two PPTs must be 
thrusting with this power input to provide the maximum 

7.5.1O-5 N.m pitch torque. At the time of this maximum 

yaw torque, environmental torques are also acting in the 
pitch axis at 2.S.lO~‘N.m. An additional power 

requirement of 2.5 W is necessary to counteract this 
torque. Table 2 gives the mass and power breakdown for 
the GPS PPT ACS. 

spacecraft and a combiner spacecraft. Figure 7 illustrates 

the mission concept. 

The pointing accuracy of the PPT ACS for GPS would be 

very good. Assuming a minimum I,, of 4.5.10” Ns at a 

moment arm of 0.4 m, the smallest torque that the PPT 
can handle without deadbanding is 6.25,10-‘0N.m, and 

even at this low torque the thrusters will only bounce 
from one thruster to the other once every 8 hours. 
Therefore, a pointing accuracy of as low as O.Ol” is 

easily achievable. 

DS-3 SPACECRAFT 

The New Millennium Program Deep Space 3 (DS-3) 

mission is an ambitious demonstration mission to prove 
the technologies required for high resolution imaging of 
extra-solar planets. This objective is a cornerstone of the 
NASA Origins program. To provide the increased 
aperture required to improve the resolution of such 
distant objects, NASA and the Jet Propulsion Laboratory 
(JPL) are designing separated spacecraft interferometers 
consisting of many collector spacecraft arrayed around a 
central collector spacecraft. The DS-3 mission will be a 
proof-of-concept flight employing two collector 

Figure 7, DS-3 Mission concept 

The characteristics of the DS-3 collector and combiner 
spacecraft as follows: 

Aperture Filling: 
. Total Impulse 32,178 N-s 
l Time (max) 6 mos. 
. Power < 150w 

Attitude Control: 
. Time for 180” slew (max) ~15 min 
. 1 arc-min deadband time 300-1000 set 

An analysis of the disturbance torques has been 

performed and shows that PPTs possess ample control 
margin to maintain stability in the pitch, roll and yaw 

axes. A PPT system configuration like that shown earlier 
in Figure 1 can be used. This maximizes the moment 
arm for the PPT which is advantageous during the slew 
maneuvers. For an assumed spacecraft with dimensions 
of 1 m on each side and uniform mass distribution, the 

i Electronics and mounting brackets are included for both the momentum wheels and torque rods 
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PPT moment arm is approximately 0.7 m from the center 
of mass 

The DS-3 imaging requirements drive a degree of 
position maintenance that is far greater than any previous 
mission. The interferometer baseline distance between 
the two collector spacecraft will vary between 100 m to 
1000 m. This separation distance must be known and 
maintained to within 1 cm. At the same time, the entire 
constellation of three spacecraft must be slewed to 
retarget up to as many as 1000 stars during the 6 month 
nominal mission duration. This requires a propulsion 
system that can provide both very small, accurate 

impulse bits (10’s of p.N-s), as well as reasonably large 

steady thrust levels (1 - 1.5 mN). Considering all 
maneuvers for a mission life of 6 months, a total impulse 
of approximately 120,000 N-s is required for each of the 
spacecraft. 

The principal ACS requirement for the DS-3 science 
mission is to maintain the spacecraft position within a 1 

arc-minute deadband for 300 - 1000 seconds while 
imaging. The satellite’s moment of inertia is 
approximately 42 kg-m2. Assuming the worst case of 
1000 seconds must be maintained and no disturbance 

torques, this yields a required minimum impulse-bit of 
approximately 18 pN-S. Disturbance torques or reduced 

dwell times in the deadband both will result in slightly 
higher minimum impulse-bit requirements. 

PPT ACS FOR DS-3 

PPTs appear to be the logical choice for the DS-3 
mission. For spacecraft slewing, the PPT can be fired at 
a duty cycle of 1 - 2 pulses per second and a capacitor 
charge energy of 40 J, yielding a net average thrust of 1.4 
- 1.6 mN. At the assumed moment arm of 0.7 m, two 
PPT systems firing in a couple about the center of mass 
provide a torque of 1.96 x 103 N-m. For the assumed 
spacecraft characteristics noted above, this provides an 
angular rate w of 4.66 x 10” radians&c. For translation 
maneuvers, the PF% can be fiied in pairs aligned along a 
single axis and will provide an acceleration of 1.4 x 10“ 
m/s*, assuming a spacecraft mass of 200 kg. 

The PPT system considered for the DS-3 mission appears 
capable of meeting all of the requirements. For the 
required 120,000 N-s total impulse and 8 PPT systems, 
this yields a required total impulse of approximately 
15,000 N-s per system. This coincides with the life 
demonstration of the key PPT components for the 

MightySat program. The impulse-bit range of the PPT 
will be demonstrated for the EO- 1 flight program down 

to levels acceptable for the deadband requirement of 300 
- 1000 sec. If necessary, a design modification can be 
made to provide separate small impulse-bit units capable 

of less than 10 pN-s impulse bits. 

CONCLUSION 
CONVENTIONAL ACS FOR DS-3 

For this mission, conventional ACS components such as 
momentum wheels were ruled out due to unacceptably 
high jitter created by the rotating wheel. The spacecraft 
must be very still while imaging and there is no way to 
stop the wheels during imaging. This resulted in a 
baseline all-thruster ACS concept with several candidate 
thrusters including: cold gas nitrogen, hydrazine, FEEPs, 

and PPTs. Most of these concepts were unable to meet 
the minimum impulse requirement, resulting in 
unacceptable chattering and propellant use to maintain 
the 1 arc-minute pointing. Cold gas systems were 
marginally acceptable for this requirement and for the 

baseline position maintenance. However, due to the very 
low Isp (approximately 70 set) and high total impulse 

requirement (120,000 N-s) cold gas systems were 
eliminated from consideration. A cold gas system would 
require 175 kg of propellant to perform the mission. 
FEEPs were unable to meet the translation requirements 
due to their very low thrust levels. 

PPTs continue to be attractive as a competitive option as 
an all thruster ACS. The concept of using a PPT for 

attitude control will be demonstrated on the New 
Millennium EO-1 space experiment platform. PAC has 
completed design of this unit under contract with NASA 
LeRC and in coordination with the NASA GSFC EO- 1 
project office. This flight experiment will validate the 
concept of using a low impulse bit pulsed thruster to 

perform complete attitude control in one axis, as well as 
demonstrating compatibility of the PPT power, 

command/telemetry, thermal, electromagnetic, and plume 
characteristics with typical spacecraft systems. 

In addition, all-PPT ACS compared favorably with 
conventional ACS in the most recent results of an 

ongoing study at PAC. Built on earlier studies, the work 
presented compared ACS for EO- 1, representing a LEO 
mission, GPS, representing a GE0 mission, and DS-3 
representing a deep space mission using updated PPT 
scaling relations based on the EO-1 design effort and a 
detailed, time-dependent model of environmental torques 
developed in the past year. 



IEPC-97-128 820 

In the case of EO- 1, replacing the entire ACS with PPTs 
shows the PPTs to be heavier and to use more power than 
the existing ACS. It turns out to be difficult for PPTs to 
show an advantage to conventional ACS components on 
mass and power for small LEO satellites since torque 
rods are relatively light, simple and low power. 
However, the mass disadvantage was not so great that it 
could be closed with a more optimized PPT design, and 
PPTs could still prove to hold advantages in cost and 
reliability, especially over momentum wheels. In 
addition, PPTs definitely provide an advantage if 
extremely high pointing accuracy is required. Finally, 
further work is needed to determine whether EO- 1 fairly 
represents the range of LEO class spacecraft. 

In the GPS comparison, the all PPT ACS shows a distinct 
advantage in terms of both mass and power. The all PPT 
ACS saves nearly 16 kg or 42% in mass over a 
conventional system with wheels and torque rods large 
enough to control the larger satellite. Finally, for the DS- 
3 mission, PPTs are essentially mission enabling, 
especially since the lack of magnetic field to react against 
requires use of a heavy chemical or cold gas thruster 
system, and the jitter induced by the wheels is 
unacceptable for the optical instruments. While 
indicating that PPTs may not be optimal for all spacecraft 
ACS, these results definitely show strong advantages in 
many spacecraft and explain the continued growth in 
interest for using PPTs for ACS missions. 
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