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(57) ABSTRACT 
Systems and methods for orbit and attitude control of nano
satellites are provided. A spacecraft can be equipped with a 
plurality of pulsed ablative thrusters (PAT), mounted on at 
least one of the spacecraft body orientations. The PATs are 
integrated with the spacecraft structure. The actual spacecraft 
attitude is measured by a sensor and compared with the 
desired thrust direction. In order to reduce attitude errors, a 
control system is used to determine the firing sequence of 
thrusters. During maneuvering the thrusters are continuously 
being fired. To conserve energy a thrust switch control is 
utilized, selecting a single PAT to be fired each pulse. The 
result of this operation is that the attitude of the spacecraft is 
adjusted continuously. Therefore, thrust deviation from a 
selected path can be minimized during orbital maneuvering. 

19 Claims, 3 Drawing Sheets 
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UNIFIED ORBIT AND ATTITUDE CONTROL 
FOR NANOSATELLITES USING PULSED 

ABLATIVE THRUSTERS 

TECHNICAL FIELD 

2 
evaluated by the processing system to determine a single 
thruster of the PAT assembly which is to be operated at full 
thrust at any given time or pulse. Advantageously, the full 
utilization of the pulsed nature of the PATs can be carried out, 
where the actuation is performed in discrete unit or pulses. 
Thus, the maximum amount of energy is available to power 
the thruster, affecting positively on its performance. The present disclosure relates generally to systems and 

methods of spacecraft orbit and attitude control, and, more 
particularly, to nanosatellites with pulsed ablative thrusters 
where the spacecraft is required to control its attitude and 
orbit within long durations of low thrust maneuvers. 

These and other features, aspects, and embodiments of the 
present invention will become better understood with regard 

10 to the following description, appended claims, and accompa
nying drawings. 

BACKGROUND 

Nanosatellites are satellites with masses ofless than about 15 

10 kg. Although sometimes referred to as pi co satellites, in 
this disclosure, satellites with masses between 0.1 to about 1 
kg are also included in the nanosatellites family. Nanosatel
lites are gaining popularity for use in applications including 
remote sensing, communication, and space research, in part 20 

because of the relatively low cost of nanosatellites as com
pared to the larger satellites. 

A single satellite in low Earth orbit (LEO) has a time
limited line of sight with a ground location. Consequently 
there may be large gaps in coverage until the ground track 25 

repeats. However, a network of satellites can maintain a near 
constant radio and visual coverage or simultaneously provide 
coverage of multiple regions. 

One advantage of using low-cost nanosatellites is the abil-

This Summary is provided to introduce a selection of con
cepts in a simplified form that are further described below in 
the Detailed Description. This Summary is not intended to 
identify key features or essential features of the claimed sub
ject matter, nor is it intended to be used to limit the scope of 
the claimed subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an example cubic nanosatellite configuration 
with four thrusters mounted on the frame of the spacecraft 
(top orientation) and showing side panels being free to other 
uses. 

FIG. 2 shows a block diagram illustrating a spacecraft with 
a thruster based attitude control system. 

FIG. 3 illustrates a functional diagram of an example 
spacecraft with an orbit and attitude control system. 

FIGS. 4A and 4B illustrate example processing system 
configurations. 

ity to launch numerous platforms for a similar cost as launch- 30 

ing a larger satellite. Thus, a network oflow-cost nanosatel
lites can be launched and used to maintain high temporal 
resolution sensing. In this manner, nano satellites can form the 
space segment of a communications network or an Earth 
observation sensor network. 

FIG. 5 illustrates a body frame (indexed as B), reference 
frame, and Euler angles orientations for an example imple
mentation of a spacecraft. The figure illustrates an example 

35 for orienting the PATs. 
At a minimum, in order to maintain the network integrity, 

the satellites need to keep a line of sight with each other. Due DETAILED DESCRIPTION 
to gravitational and drag perturbations in LEO, such a forma
tion-flying configuration carmot be maintained for more than 
few weeks without orbital correction maneuvers. The need 40 

A pulsed ablative thruster (PAT)-based combined, or "uni
fied", orbit-and-attitude control system is provided. In certain 
implementations, the unified orbit-and-attitude control sys
tem for PAT-based propulsion systems may avoid the power, 
mass, and volume penalties of having an attitude control 
system (e.g. momentum wheels) separate from the propul-

for orbital correction maneuvers may arise in spite of the fact 
that the satellites are often deployed from a common 
launcher. 

BRIEF SUMMARY 45 sion system. In addition, some of the described configurations 
facilitate efficient use of power (and fuel). 

A unified attitude-and-orbit control is provided for nano
satellites. According to certain implementations, a nanosat
ellite is constructed to include a plurality of pulsed ablative 
thrusters (PATs) on at least one of the spacecraft body orien- 50 

tations, an attitude sensor, and a processing system perform
ing calculations and generating control signals for activating 
the PATs. 

Orbital correction maneuvers are carried out by satellites to 
keep a line of sight with each other and maintain a formation
flying configuration for more than a few weeks. 

For nanosatellites, with total mass of less than few kilo-
grams, executing the required orbital velocity change li. V 
(10-100 mis) using conventional chemical propulsion can be 
impractical, as the propulsion system occupies a large frac
tion of the available volume and mass. Instead, PATs such as The spacecraft body of the nano satellite can be configured 

so that the PATs appear embedded within the spacecraft body 
extremities (e.g., edges of a common cube-shaped spacecraft 
body), enabling the original shape of the spacecraft body to be 
maintained and saving mass and internal volume. Control 
electronics of the processing system and other sensors may be 
incorporated in or on the spacecraft body as suitable for the 
conditions in which the satellite is operated. 

According to an embodiment of the unified attitude and 
orbit control, the attitude sensor signal is compared by the 
processing system of the spacecraft to a desired spacecraft 
attitude, calculated by the processing system based on orbit 
position and predicted trajectory. The comparison generates 
an error signal used to calculated a corrective torque, which is 

55 pulsed plasma thrusters or vacuum arc thrusters can be used. 
These belong to the type of propulsion known as electric 
propulsion (EP) where electrical energy is converted to thrust 
power. PATs have low mass and volume by the fact of their 
high specific impulse (exhaust velocity divided by the accel-

60 eration of gravity), Isp>300 s, and their use of solid propel
lants. However, due to the limited availability of electrical 
power on board the nanosatellite, the PATs are able to gener
ate only low thrust, therefore long duration maneuvers are 
required. As a consequence, a continuous and precise thrust-

65 vector-control must be kept during the maneuver. The 
described unified orbit-and-attitude control system enables 
the thrusters to constantly operate while the average thrust 
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direction can be controlled to reduce the satellite's deviation 
from a desired orbital acceleration direction. 

The spacecraft orbit-and-attitude control system and meth
ods are described herein for use in low earth orbit (LEO) 
satellites. However, the spacecraft control system and meth
ods are not limited thereto and can include medium earth orbit 
(MEO) and geosynchronous earth orbit (GEO) satellites. 

Formation flying, station keeping, and orbit change 
maneuvers can also be carried out by the described orbit-and
attitude system. A variety of orbit determination techniques 10 

and thrust levels can also be implemented. 
The described arrangements and techniques are suitable 

for very small platforms, including nano satellites of the pico
satellites variety. According to embodiments of the invention, 
a nanosatellite is constructed to include a plurality of PATs 15 

located on at least one of the spacecraft body orientations. In 
certain implementations, the thrusters are mounted on the 
spacecraft extremities, where part of the structure is replaced 
by a thruster assembly. In this manner, the PATs are imple
mented as part of the spacecraft structure, thus saving mass 20 

and internal volume (as well as external surface area for other 
applications). Furthermore, this arrangement provides the 
highest control torque per thrust ratio, assuming the center of 
mass is near the geometric center of the spacecraft. 

An example of this configuration is shown in FIG.1, where 25 

four PATs 100-1, 100-2, 100-3 and 100-4 are shown at the 
edges of a cubic-shaped frame 105 of a spacecraft. A portion 
of the frame 105 is cut away to allow for the PATs (100-1, 
100-2, 100-3 and 100-4) to be fixed at the edges. In this 
example configuration, the four thrusters are arranged at the 30 

edges of the spacecraft frame with a top orientation. This 
configuration leaves the side panels free for other uses. 

4 
level) to calculate the control torque that minimizes the atti
tude error. The control torque is used to generate a torque 
signal that is used by the thruster select switch 304 to activate 
one of the PATs 305. 

Through taking the attitude of the spacecraft and desired 
trajectory under consideration when firing the PATs, the atti
tude of the spacecraft can be controlled in two or three axes 
without additional momentum wheels or other dedicated 
momentum control devices, which can save power, mass or 
volume generally associated with the additional components. 

Moreover, the propulsion system lifetime may be increased 
beyond that of a single PAT by distributing the firing of the 
thrusters over multiple thrusters. 

FIGS. 4A and 4B illustrate example processing system 
configurations. As shown in FIG. 4A, a processing system 
400 can include storage media 410 and a processor 420. The 
processing system 400 can take an attitude signal (e.g., from 
the attitude sensor) and thrust level as inputs and perform 
calculations and comparisons using software or code stored 
in the storage media/medium 410 and executed by the pro
cessor 420 to generate a switch select signal. In some cases a 
thruster select switch is incorporated as part of the processing 
system. 

The processor 420 may include a general purpose central 
processing unit, an application specific processor, logic 
devices, or any other type of processing device, combina
tions, or variations thereof. 

The storage media 410 may be any suitable storage media 
that can store programs executable by the processor. The 
storage media 410 may include volatile and nonvolatile, 
removable and non-removable media implemented in any 
method or technology for storage of information, such as 
computer readable instructions, data structures, program 
modules, or other data. In some cases, the storage media 

In addition to a plurality of PATs, a spacecraft according to 
certain embodiments of the invention includes an attitude 
sensor and a processing system. FIG. 2 shows a block dia
gram illustrating a spacecraft with a thruster-based attitude 
control system. 

Referring to FIG. 2, a spacecraft 200 can include an attitude 
sensor 205 that generates an actual attitude signal, and a 
processing system 210 that executes orbit and attitude control 
for operating a thruster select switch 220 that selectively 
connects a thruster to a power system 230 of the spacecraft 
200. In some cases, only a single thruster is connected to the 
power system 230 during a discrete period of time or pulse, 
enabling higher input power to the thruster and improved 
thruster performance. 

35 includes system memory of the processor (e.g., a micropro
cessor or system-on-a-chip). Examples of storage media 
include random access memory (RAM, DRAM, SRAM), 
read only memory (ROM, PROM, EPROM, EEPROM), 
magnetic disks, optical disks, CDs, DVDs, flash memory, 

40 magnetic cassettes, magnetic tape, magnetic disk storage or 
other magnetic and ferromagnetic/ferroelectric storage 
devices, or any other suitable storage media. Certain imple
mentations may involve either or both virtual memory and 
non-virtual memory. In no case is the storage media a propa-

FIG. 3 illustrates a functional diagram of an example 
spacecraft with an orbit and attitude control system. Referring 

45 gated signal. In some implementations, communication 
media may be included over which software may be commu
nicated internally or externally. 

An orbit/trajectory (O/T) provider program 421 and a 
torque control program 422 may be stored as code or other 

50 form of machine-readable processing instructions on the stor
age media and used to carry out the techniques described 
herein. A comparison program (not shown) may be included 
and/or a hardware comparator circuit (not shown) may be 

to FIG. 3, an orbit and attitude control system can include an 
actual spacecraft attitude sensor 301, a desired spacecraft 
trajectory provider 302, a torque control and evaluator 303, a 
thruster select switch 304, and PATs 305. During a low thrust 
maneuver, the trajectory provider 302 calculates the orbit of a 
spacecraft, which is the path followed by the spacecraft as it 
revolves around the earth, and then determines the instanta- 55 

neous desirable thrust direction. The trajectory provider 302 
may generate the desired thrust direction signal as a function 
of spacecraft orbital position, velocity, and preplanned orbit. 

included in the processing system. 
As shown in FIG. 4B, the processing system 430 may be 

implemented in hardware (e.g., programmable logic). The 
processing system 430 can include a comparator 431, orbit/ 
trajectory provider 432, and torque control 433. A thruster 
select switch (not shown) may also be considered part of the 

60 processing system in some implementations. 
A comparator 306 compares the actual position signal from 

the attitude sensor 301 (which is determined from spacecraft 
dynamics 307) and the desired attitude signal (from the thrust 
direction) from the trajectory provider 302 to generate an 
attitude error signal. The attitude error signal is indicative of 
the difference in the spacecraft attitude between the actual 
attitude and the desired attitude of the spacecraft. The torque 65 

control and evaluator 303 uses the attitude error signal and the 
known PAT thrust level 308 (and the corresponding torque 

It should be understood that implementations of the 
described processing system may also involve a combination 
of software and hardware/logic solutions and that FIGS. 4A 
and 4B are merely provided as examples. 

FIG. 5 illustrates a body frame (indexed as B), reference 
frame, and Euler angles orientations for an example imple
mentation of a spacecraft. The attitude of a spacecraft is the 
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angular orientation of the spacecraft with respect to a frame of 
reference such as the earth or fixed stars. 

Referring to FIG. 5, the attitude of the spacecraft can be 
understood as the body fixed reference frame pointing with 
respect to the orbit reference frame. The attitude dynamics 
can be given by: 

[I}wBr+WBix[JjwBI~Tc+Td, 

6 
command. The direction of the corrective torque command 
can be evaluated and used to select a single thruster, at any 
given time or pulse, to be operated at full thrust. 

The integration and unification of the orbit-control and 
attitude-control functions may save power, mass, and volume 
that can be utilized by the payload. The spacecraft's available 
power can be efficiently utilized for orbit control, namely to 
power the PATs in the desired direction. where [I] is the spacecraft inertial tensor, wBI is the body 

frame angular velocity relative to the inertial frame, Tc is the 
control torque, and Td is the disturbance torque. 

Here, the thrust vector is to be oriented along the in-track 
direction and the thrusters are arranged at the extremities of 
the spacecraft on one of the spacecraft's body orientations. 
By arranging the PATs (labeled as 1, 2, 3, and 4 in FIG. 5) on 
one of the spacecraft's body orientations, given that the center 
of mass (C.M.) is in the geometrical center, maximum torque 
control is available. 

Advantageously it is possible to fully utilize the pulsed 
10 nature of the PATs, where the actuation is performed in dis

crete unit or pulses. Thus the maximum amount of energy is 
available to power the thruster, affecting positively on its 
performance. By distributing the firing over several thrusters 

15 
the propulsion system lifetime may also be improved. 

The calculation for the control torque Tc (in each direction 
x, y, andz)maybe as follows for a two axis control (assuming 20 
that the spacecraft is free to rotate around the thrust axis in this 
case): 

Furthermore, implementations with the PATs arranged on 
the extremities of the spacecraft can reduce the contamination 
of spacecraft surfaces by the thrusters' plasma plume (as the 
thrusters are located away from these surfaces). 

While the present invention has been described in connec-
tion with specific embodiments thereof, it is evident that 
many alternatives, modifications, and variations will be 
apparent to those skilled in the art in light of the foregoing 
description. Accordingly, it is intended to embrace all such 

25 alternatives, modifications, and variations as fall within the 
spirit and broad scope of the appended claims. 

30 

where wref is the reference frame angular velocity in body 
frame; Tc max is the PAT torque, known from either measure- 35 
ment or ~alculated from known thrust level and orientation 
with respect to the C.M.; 'ls is the error quaternion between 
the instantaneous 'ls and the target q, quaternions: 

[ '" 
q,3 -qt2 q,1 

[-'" -1 -qt3 q,4 q,1 q,2 -qs2 
qe = qs qt= 

q,2 -qtl q,4 q,3 -qs3 

-qtl -qt2 -qt3 q,4 q,4 

In the above implementation, a two axis control is pro
vided; however other implementations may include control 
over the rotation in the thrust direction. 

40 

45 

Where four PATs are arranged on one of the spacecraft's 
50 

body orientations (such as shown in FIGS. 1 and 5), the 
thruster switch control can be evaluated from the torque sign 
according to: 

iff'Y;,0 and Tcz;,0 then Tc~[0,0,1,0]T 

55 

ifT'Y<O and Tcz<O then fc~[0,1,0,0]T. 
60 

As described herein, a spacecraft includes an attitude sen
sor that generates an actual attitude signal. An orbit position 
and trajectory predication system provides the required thrust 
vector direction. Because the thrusters are body fixed, the 
required thrust vector can determine the desired spacecraft 65 

attitude. An error signal, between actual and desired attitudes, 
can be calculated and used to generate a corrective torque 

What is claimed is: 
1. A spacecraft comprising: 
a body structure with a plurality of pulsed ablative thrusters 

mounted on at least one spacecraft body orientation and 
integrated with a frame of the body structure; 

an attitude sensor, and 
a processing system, wherein in response to receiving an 

attitude signal from the attitude sensor, the processing 
system calculates an attitude error signal from the atti
tude signal and a desired attitude, calculates a control 
torque that minimizes the attitude error signal, and 
selects one of the pulsed ablative thrusters for activation 
based at least in part on the control torque, 

wherein the control torque is calculated using the attitude 
error signal, a thrust level, and a corresponding torque 
level of the plurality of pulsed ablative thrusters, 
wherein the control torque comprises an x-axis control 
torque component T cx' a y-axis control torque compo
nent T cy' and a z-axis control torque component T cz 

calculated as 

where wrefis a reference frame angular velocity in a body 
frame of the body structure, Tc.max is the correspondin$ 
torque level generated by the pulsed ablative thruster, [I] 
is a spacecraft inertial tensor, x, y, and z represent direc
tional axes of the control torque, and qe is an error quater
nion for the attitude error value between an instanta
neous quaternion 'ls of the attitude signal and a target 
quaternion q, of the desired attitude given as: 
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q,4 q,3 -qt2 q,1 -qsl 

qe = q; 1qt = 
-qt3 q,4 q,1 q,2 -qs2 

q,2 -qtl q,4 q,3 -qs3 

-qtl -qt2 -qt3 q,4 q,4 

2. The spacecraft of claim 1, wherein the one of the pulsed 
ablative thrusters is activated at full thrust. 

3. The spacecraft of claim 1, wherein the pulsed ablative 10 

thrusters comprise a pulsed plasma thruster. 
4. The spacecraft of claim 1, wherein the pulsed ablative 

thrusters comprise a vacuum arc thruster. 
5. The spacecraft of claim 1, wherein the body structure has 

a cubic shape, the pulsed ablative thrusters being located at 15 

two or more edges of the cubic shape. 
6. The spacecraft of claim 1, wherein the processing system 

selects the pulsed ablative thrusters one at a time to control the 
attitude of the spacecraft and provide momentum manage
ment of two or three axes. 

7. The spacecraft of claim 6, wherein the processing system 
further constantly operates the pulsed ablative thrusters to 
maintain an average thrust direction that reduces deviation 
from a desired orbital acceleration direction. 

20 

8. The spacecraft of claim 6, wherein the processing system 25 

connects an energy supply of the spacecraft to one pulsed 
ablative thruster at a time so that only a single pulsed ablative 
thruster receives input power from the energy supply at a 
particular time. 

9. The spacecraft of claim 6, wherein the processing system 30 

continuously distributes the thrust generation resulting from 
activity of the pulsed ablative thrusters over multiple pulsed 
ablative thrusters. 

10. A spacecraft of claim 1, wherein the desired attitude is 
generated based on an orbital position, velocity, and pre- 35 

planned orbit for the spacecraft. 
11. The spacecraft of claim 1, wherein the processing sys

tem selects one of the pulsed ablative thrusters for activation 
based at least in part on the control torque by evaluating a sign 
of the control torque to generate a control signal for a thruster 40 

select switch system. 
12. The spacecraft of claim 11, wherein the evaluating of 

the sign of the control torque to generate the control signal for 
the thruster select switch system is performed according to 

8 
13. A method of minimizing thrust deviation from a 

selected path for a nanosatellite, the method comprising: 
providing a spacecraft with a plurality of pulsed ablative 

thrusters mounted on at least one spacecraft body orien
tation and integrated with a frame of the spacecraft; 

measuring attitude of the spacecraft using an attitude sen
sor 

comp~ing an actual attitude of the spacecraft measured 
from an attitude sensor on the spacecraft with a desired 
thrust direction; 

determining a firing sequence of the plurality of pulsed 
ablative thrusters while continuously firing the plurality 
of pulsed ablative thrusters; and 

controlling a thrust switch to select a single pulsed ablative 
thruster of the plurality of pulsed ablative thrusters 
according to the firing sequence. 

14. A method of unified orbit and attitude control, com
prising: 

receiving an attitude signal from an attitude sensor at a 
spacecraft; 

generating a desired trajectory and desired attitude signal; 
calculating an attitude error signal indicative of a differ

ence between the attitude signal from the attitude sensor 
and the desired attitude signal; 

calculating a control torque for at least two axes using the 
attitude error signal; and 

selecting a pulsed ablative thruster, of a plurality of pulsed 
ablative thrusters fixed at the spacecraft, to provide the 
control torque. 

15. The method of claim 14, wherein generating the desired 
trajectory and the desired attitude signal comprises generat
ing a desired thrust direction signal as a function of spacecraft 
orbital position, velocity and preplanned orbit. 

16. The method of claim 14, wherein the pulsed ablative 
thrusters are selected for firing only one pulsed ablative 
thruster at a time. 

17. The method of claim 14, further comprising: 
providing maximum torque control by mounting the plu

rality of pulsed ablative thrusters on extremities of the 
spacecraft on at least one of the spacecraft's body ori
entations. 

18. The method of claim 14, further comprising: 
operating at least one of the pulsed ablative thrusters at any 

given time. 
19. The method of claim 14, wherein selecting the pulsed 

45 ablative thruster of the plurality of pulsed ablative thrusters 
fixed at the spacecraft using the control torque comprises 
connecting an energy supply of the spacecraft to one pulsed 
ablative thruster at a time so that only a single pulsed ablative 
thruster receives input power from the energy supply at a 

50 particular time. 

* * * * * 


