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Spartnik is a micro-satellite under construction at San José Sate University. In order to
control the satellite and ensure payloads and antenna are oriented properly a passive attitude
control system has been developed. Like some other micro-satellites, Spartnik will combine spin
stabilization with magnetic stabilization. Thus, Spartnik will "spin" due to solar radiation pressure
and perform a controlled "tumble" due to the permanent magnets aligning with the magnetic field of
the Earth. Concerns have been raised about the gyroscopic effect due to the spin of the satellite. A
program has been developed that numerically integrates Euler's form of the equations of motion in
order to explore the gyroscopic effect and finalize the hardware design of Spartnik. Smulations
have been performed that reveal the dynamic response of Spartnik under a number of conditions.
This paper includes a detailed discussion of these results.

Introduction

Spartnik is a micro-satellite being designed and built by senior design students at San José State
University. The god of the project is to educate the students on how to design, manufacture, assemble,
test, and operate a micro-satellite. Spartnik will be launched into a low Earth orbit (LEO) and will
carry three experimental payloads. a communications package (which will transmit on the amateur radio
frequencies), acolor digital camera, and a micro-meteorite impact detector (MMID).

A series of requirements placed on the design team are as follows: to (1) meet the secondary
payload constraints for as many launch vehicles as possible, (2) be designed for multiple orbit
configurations, ranging from 300 to 1000 km altitude and an inclination of greater than 30°, (3) have an
operationa life of at least two years, (4) use as many acceptable non-space rated parts as possible, (5)
use passive and autonomous systems where possible, and (5) use communications systems that use HAM
frequencies for uplink and downlink. The ground station, used to communicate with Spartnik, will be
located a San José State University. This places the requirement that the orbital inclination be greater
than 30°.

When in orbit satellites must be oriented about their center of mass correctly to achieve their
mission objectives. Satellite components such as antenna and payloads must be pointed to within a
tolerable range at locations on the Earth’s surface. Spartnik is no exception. Therefore, a passive
control system that will achieve this requirement is needed.

Basic Attitude Control Design

The passive attitude control system selected for Spartnik is a combination of spin and magnetic
field stabilization. This design is closely based upon the design used by WeberSat, AMSAT, and other
micro-satellites'. Permanent magnets mounted in the outer shell of Spartnik will align the satellite with
the Earth’s magnetic field as it moves on its orbit. This will have the effect of causing the satellite to
“tumble’ twice per orbit. The magnets will be oriented such that Spartnik's top panel, where the camera
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lens is mounted, will face Earthward when over the northern hemisphere and out to space when over the
southern hemisphere. Thistumble is depicted for a quarter orbit below:
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Figure 1: Spartnik Attitude for a Quarter Orbit

Spin stabilization is used to prevent any disturbance torques from creating excessive nutation as well as
provide uniform thermal distribution and “wear” on the solar panels. Spin is achieved through the use of
solar pressure paddles (SPP), which also serve the dual purpose as uplink and downlink antennas. Solar
pressure on these paddlies produces a torque causing the satellite to spin. However, without any
dissipative forces, the solar pressure would continue to accelerate the spin of Spartnik. To maintain a
target (constant) spin rate hysteresis rods have been added to the design. Four hysteresis rods are
attached to a plate which lies in a plane normal to the spin vector. The rotation of these rods
perpendicular to the magnetic field will dissipate spin energy and maintain the target spin rate. The
location of the hardware described above is depicted in Figure 2.
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Figure 2: Location of Attitude Control Hardware

Concerns have been raised about the dynamic interaction of the spin and the induced “tumble’,
known as the gyroscopic effect. The gyroscopic effect is the tendency of a spinning rigid body subjected
to an applied torque to rotate about the axis perpendicular to the plane formed by the spin vector and the



axis about which the torque is applied. If the spinistoo great it may induce enough gyroscopic effect so
as to cause undesirable nutation, or at worst, to prevent the satellite from tumbling correctly. The
strength of the magnets is also important. |f the magnets are too weak the satellite will not lock onto the
Earth’s magnetic field lines and will not experience the desired tumble or point toward Earth when
needed®. Therefore, the spin rate and magnets must be chosen carefully. Furthermore, because many
micro-satellite projects, including Spartnik, are financially challenged they must accept a donated launch
as a secondary payload. The fina orbit, therefore, is not known and the attitude control design must
accommodate a wide range of candidate orbits.

In order to address these concerns and make recommendations about the magnets strength a
simulation was needed to model the attitude of Spartnik while in orbit. The smulation method chosen
was the use of numerical integration to solve the equations of motion (EOMs). A simulation would
allow the investigation of different orbits (altitude and inclination) before launch thereby permitting
changes in design to best suite a wide range of possible orbits. The overal purpose of the ssmulation,
however, is to determine the size and strength of the permanent magnets to be used on the satellite and,
since the exact spin rate has yet to be chosen, investigate the gyroscopic effect.

Dynamic Model

The initial step in the design of any simulation is to determine what the purpose of the smulation
will be, what needs to be modeled and what information is desired. In the case of Spartnik, the goal of
the simulation is threefold. The primary goa is to give some insight into whether the “spin” and
“tumble’ that Spartnik will experience in orbit will interact with each other, either by disrupting or
canceling each other out. The fear being that, when spinning, Spartnik will experience the gyroscopic
effect and the induced tumble will interact with this spin and cause Spartnik to nutate in an undesirable
manner. The simulation will verify if this effect will indeed happen and if so what can be done to
minimize it. A second goal is to determine when one of the payloads, the color digital camera, is
pointed toward the Earth for the purpose of meaningful picture taking. The third and final goa of the
simulation isto generate an attitude profile of Spartnik over the course of one orbit. Such a profile could
then be compared to the real attitude data once the satellite isin orhit.

Physical and Geometric Properties of Spartnik

Before the smulation model is described an understanding of the physical properties of Spartnik
is important. Spartnik's configuration is a regular octagon measuring 17 cmon asideand 25cmin
height. The final flight vehicle mass is estimated at 40 kg. Solar panels are mounted on each face of
Spartnik’s outer shell and will provide six Watts of power. Spartnik’s general shape is depicted in
Figure 3.

Figure 3: Micro-satellite Spartnik




Definition of Frames/ Rotations
The first step to developing the smulation is to define a set of coordinates and coordinate frames

in which the dynamic model will be developed. Three coordinate frames were chosen to model the
dynamics of Spartnik: aninertial frame, arotating frame, and a body fixed (also rotating) frame.

The Inertial (I) Frame X-Y-Z

The first frame defined is an inertia frame, labeled X-Y-Z and hereafter called smply the
inertial frame. The origin is located at the center of the Earth with the X axis defined to point in the
direction of the Verna Equinox, Z pointing north and Y completing the right handed frame. This frame
is used primarily to calculate the latitude and longitude of Spartnik’s center of mass as it moves aong its
orbit. The process by which the latitude and longitude are calculated is described | ater.

The Local Rotating (R) Frame x-y-z

Next a rotating frame, labeled x-y-z and hereafter referred to as smply the rotating frame, is defined
with its origin centered on Spartnik’s center of mass. The x axis points east in the plane of the orbit, y
points south perpendicular to the orbital plane, and z is nadir pointing (i.e. toward the center of the
Earth). Although this frame is defined with its origin at the center of mass and rotates around the orbital
plane with Spartnik, it is not fixed in the body of the satellite. Therefore, the z axis will always be nadir
pointing. Theinertial and rotating frames are graphically depicted in Figure 4.
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Figure 4: The Inertial and Rotating Frames

The Body (B) Frame bi-b,-bs
A third frame, labeled b;-b,-bs and hereafter called the body frame, is needed. The origin of this
frameis centered on Spartnik’ s center of mass and is defined such that b, points outward normal to Panel

3, b, points outward normal to Panel 1 and bs; points outward normal to the top Panel. This frame is
graphically represented below in Figure 5.



Figure 5: The Body Frame

The body frame is defined such that it is fixed in the body of Spartnik and thus will be used to
determine the orientation of Spartnik with respect to the rotating frame. Since the z axisis always nadir
pointing the offset of the b; axis from nadir can easily be determined. If Spartnik's attitude control
system is working as designed this offset angle will be small when over the northern hemisphere.
Therefore, one of the primary goals of the smulation, namely whether the camera is pointed Earthward
when over the northern hemisphere, can be determined quickly. The end goa of the smulation is to
generate atime history of the orientation of the body frame with respect to the rotating frame.

In order to relate the rotating frame to the body frame a 1-2-3 body Euler rotation is performed.
Initially, the body frame can be assumed to be aligned with the rotating frame, that is b, aligned aong the
x-axis, b, dong the y-axis, and b; dong the z-axis. First, the body frame is pitched f degrees about the
x axis. Next, the resulting intermediate frame is pitched q degrees about they’ axis and finaly yawed y
degrees about the z” axis. Thesethreerotations, f, qandy , are shown in Figure 6.
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Figure 6: Body 1-2-3 Rotation

Combining the results of these three rotations leads to a direction cosine matrix alowing the
transformation of any vector from the rotating frame to the body frame. The matrix becomes:

b, U ngCy SSC +CS C%C +SfS/U|xu
.:.b ;/:é CGS -S3S +GC S8 +SC u:Y;/ (1)
{b|D € s - SC, C,C, uIz|D



Derivations of the Equations of Motion

With a set of frames defined, a means to rotate between them, and the objectives of the simulation
in mind the EOMs can now be derived. Numerical integration of these EOMs will give atime history of
the orientation of Spartnik. A few assumptions are built into the smulation. First, an early estimate of
the mass distribution of Spartnik generated the following moments of inertia

Table 1: Estimated Moments of Inertia
| 0.23689 kg-m? l,,- 0.00009 kg:m’
l,,- 0.28393 kg-m’ |.,. -0.00044 kg-nt
|,,. 0.35307 kg-m? l,,. -0.00315 kg-n?

yz=

Although these values are not finalized they show that the satellite's body axes, as defined
previoudly, can be assumed to be along principle axes. This assumption alows the derivation of the
EOMs to be smplified, using the fundamental equation from Newtonian mechanics

'dH d
=?:—t{[|]'WB} (2
where
M = sum of the externa moments about the center of mass (N-m)
'dH/dt = time derivative of the angular momentum about the center of mass relative to inertial
frame (kg-nt/s)
[ = inertiamatrix about the center of mass, assumed constant for Spartnik (kg-nT)
'w®  =angular velocity vector of the body frame relative to inertial frame (radiang/s)

Breaking down the overall equation into its different components using Euler’s form of equation (2)
gives

Ivll = Ixx"&( +(Izz - Iyy)Wsz (3a)
M, = 1 v& + (1 - 1, W, (3b)
M3:Ixxveé+(|yy-lzz ny (BC)

where
M;: =sum of the externaly applied moments about x-axis (N-m)
M, =sum of the externaly applied moments about y-axis (N-m)
Mz =sum of the externaly applied moments about z-axis (N-m)
le« = moment of inertiaabout x-axis (kg-nf)
l,y =moment of inertiaabout y-axis (kg-n?)
l, =moment of inertiaabout z-axis (kg-nf)

Note Iy, |, and |y, are approximated as zero.



Solving equations (34), (3b), and (3¢) for v& , v& W& leadsto
&—ﬂM o . (43)
W = g—a N TR ( 4b)
—frjlvlz- (1, - |XX)Nwa: (4c)

These equations are only valid if the angular velocity is described with respect to an inertial frame. The
angular velocity of the body frame with respect to the inertial frame can be expressed as

IWB:IWR+RWB (5)
Expressed in body frame coordinates this becomes

'w8 =wb, +wb, +w,b, (6)

Assuming a circular polar orbit with constant orbital speed, the angular velocity of the rotating frame
with respect to the inertial frame is ssmply

"=-ny (7)
where"n" isthe mean orbital motion equa to the angular rate of Spartnik moving on its orbit or

m
NE\E (8)
where
m = geocentric gravitational constant (3.986 x 10° kn/sec?)
a = semi-major axis of orbit (km)

Converting equation (7) into body frame coordinates using the direction cosine matrix from equation (1)
leadsto

=(- 858G -nc g o, +[ns 88 - nG G Jo, +[nsc b, (9

The angular velocity of the body frame with respect to the rotating frame, "w®, can be expressed as
follows

W =&+ b, (10)
wherefé, q‘g andy& are as described in Figure 6. This equation, expressed in the body frame, becomes



Rw® =wb, +w,b, +w.b, (11)

where
w, = GFSI ny + fgtosq cosy (12a)
w, = qgtow - f&:osq sny ( 12b)
W, =f&inq +y& (12c)

Equation (10) gives an expression of the angular velocity of the body frame with respect to the rotating
frame that can be (numerically) integrated with equation (4a-c) once the externa moment components
M,, My, M, are specified. Substituting equations (6) and (9) into (5) and equating like terms leads to the
following three equations

w, =w, +n§ §,G +nC S (13a)
w, =w, - n§§;§ +nC,C, (13b)
W, =w, - n§C, (13c)

Finally, solving equation (12) forfé, of, and y& leads to the following expressions for the angular
velocities of Spartnik

&, 6 af o
&= Ly, - A
f ng o ng 5" (14
=S w, +C,w, (14b)
& 0 B, S 0
o T (149
q q

Note that these expressions experience a singularity when q passes through 90 degrees. Thesefinal three
equations, along with the three equations (4a-c), can be numerically integrated to generate a time history
of the orientation of Spartnik.

Modeling of External Moments

Once the equations of motion and coordinate frames are identified and defined the external
moments that will be acting on Spartnik need to be identified and modeled. Spartnik will experience
four different torques while in orbit. These torques result from aerodynamic drag, solar radiation
pressure, gravity gradient, and magnetic field effects®. Calculations show that the magnetic field
interaction is three orders of magnitude greater than the other three torques®. Therefore, it is the first
external moment to be modeled.

Earth's Magnetic Field

In order to model the interaction of the permanent magnets with the Earth’s magnetic field a
reliable model for the Earth’'s magnetic field is needed. The field model used is the International



Geomagnetic Reference Field (IGRF) model. This model includes the main or core field without
external sources, such as the interaction of the field with the solar wind. The field model is valid for
atitudes up to 30,000 kilometers and for the years 1945 to 2000°. Two sets of magnetic field data with
different resolutions have been obtained. Oneisa5° latitude by 5° longitude grid and the other is a 10°
by 10° grid, both compiled for a 500 km altitude. Simulations can be run using the 10° by 10° grid for
the purpose of debugging the code. Once the bugs are fixed, and one obtains trustworthy results, the grid
definition can be increased to 5° by 5° for more accurate results.

In order to obtain the field vector for longitude and latitude values that lie within the grid points
bilinear interpolation is used. Reference 7 describes the interpolation method used in this ssmulation. A
description of the core field and a single block of the downloaded grid is pictured in Figure 7.

5° or 10° Latitude

10° Longitude

Core Magnetic Field

Figure 7: Core Magnetic Fiedld and Sample of Data Grid

The moment due to the Earth’s magnetic field can be modeled as
t=n"B (15)

where
t = resulting torque applied to Spartnik (dyne-cm)
m = magnetic dipole moment of Spartnik (EMU)
B =local magnetic field vector of Earth’s magnetic field (Gauss)

The required magnetic dipole of the magnets on Spartnik have been preliminary estimated to be 2.6x10°
EMU, directed in the positive bs direction. The strength of these magnets will not vary significantly
within the life span of Spartnik due to their low demagnetization properties’.

Now that both parameters for equation (15) are defined the torque that Spartnik will experience
through its orbit due to the Earth’s magnetic field and the permanent magnets can be computed by the
process described below:

(1) Cdlculate the position of Spartnik on its orbit using Kepler’s Equation.
(2) Compute the latitude and longitude of Spartnik’s center of mass.



(3) Use the latitude, longitude, and bilinear interpolation to calculate the local magnetic
field vector (B).

(4) Caculate m The direction of the vector, in the rotating frame, is determined by
Spartnik’s current orientation.

(5) Calculatet and integrate EOMsto get new orientation of Spartnik.
(NOte M=t = M]_b]_ + Mzbz + M3b3)

Numerical Simulation Methodology

MATLAB was the chosen tool to numerically integrate the EOMs described above. The reason
for this choice was ease of development and familiarity of the program by the authors. For the purpose
of debugging the code the function "ode23" was used to numericaly integrate the EOMs. Ode23 uses
second and third order Runga-Kutta formulas to numerically integrate a system of ordinary differential
equations. While debugging the code the tolerance of the integration was set at 1x10°. When the
simulation was fully debugged fourth and fifth order Runga-Kutta formulas were used with the "ode45"
function call and the tolerance lowered to 1x10™2,

As stated earlier the simulation encounters a singularity when the pitch offset () of the body
frame with respect to the rotating frame passes through 90 degrees. Thisis most likely to occur near the
equator. Therefore, the simulation is limited to runs of haf an orbit. However, for the purposes
described previoudy, this is enough due to the symmetry in the Earth’s magnetic field. Motion over a
half, or even a quarter of an orbit can be extrapolated across the entire orbit.

Results

One of the gods of the smulation is to determine if the passive control system, as initially
designed, will perform as planned. If the passive control system does perform as planned then
simulations can be performed to determine how well it works under a variety of conditions. If it does
not perform as planned then ssimulations can be run under a variety of conditions with the goal of making
recommendations on how to improve the passive control system design. If Spartnik performs as
expected it should tumble about the y axis at arate of 720 degrees per orbit or two compl ete tumbles per
orbit. The rotating frame will complete one revolution per orbit. Therefore, Spartnik should complete
one tumble per orbit with respect to the rotating frame. Because of the limitations of the program,
described above, al ssimulations were run over a quarter of an orbit, beginning over the North Pole and
ending near the Equator. Thus, Spartnik should tumble (pitch) through 90 degreesin a quarter orbit. The
spin rate (yaw) should be constant and reflected in the output as a line of constant, increasing slope equal
to the spin rate. Finaly, roll should be near zero under al conditions.

With the equations of motion and the externa moments defined, the MATLAB program was run
through a series of verification checks to make sure the program was working correctly and free of bugs.
As stated earlier, initially the simulation was run using ode23 with a tolerance of 1x10°. After the bugs
had been eliminated from the code the simulation was run using ode45 and the tolerance lowered in steps
down to a final value of 1x10™2. Although it is possible to lower the tolerance even more, the authors
felt that this might induce round-off errors that could significantly change the results due to the low step
size. All results discussed below were computed using ode45 with a tolerance setting of 1x10™.

Program Verification

Two simulations were run in order to verify the program was working correctly. The first
involved setting the initid spin rate and magnet strengths to zero. This has the effect of smulating
Spartnik as inertialy pointed in space. With no external torques Spartnik should remain inertialy
pointed. All initial conditions for this simulation were set to zero (i.e. wy= 0.0, wy = 0.0, w, = 0.0,
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f€ = 0.0, f = 0.0,y&= 0.0). The resullts of this simulation are depicted in Figure 8a-d.
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Figure 8(a-d): First Program Verification Simulation

The results confirm that Spartnik remains inertially pointed throughout the simulation.
rotating frame, however, does not remain inertially pointed and rotates as Spartnik moves along its orbit
with a speed equa to the mean motion in the negative y direction. Therefore, Spartnik will appear to
move in the positive y direction with respect to the rotating frame. This can be seen in Figure 8b.

The second verification performed involved setting the magnet strength to its initial values as
determined by the initial control system designed. Thisinvolved two magnets whose combined magnetic
dipole is equal to 2.6x10° EMU. All other initial conditions, including spin rate, were set to zero (i.e.

W, = 0.0, wy = 0.0, w, = 0.0, ¥ = 0.0, f = 0.0,y&= 0.0). The results of this simulation are depicted

below:
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Figure 9 (a-d): Second Program V erification Simulation

The expected 90 degree tumble about the y axis can be seen in Figure 9b. Roll and yaw error,
depicted in Figure 9a and 9c respectively, are nearly zero for most of the orbit, as expected and desired.
Figure 9d, which records the offset from the local magnetic field vector, is a measure of how well
Spartnik is “locked” onto the Earth’s magnetic field. From this graph it can be seen that, although it
wobbles a hit, the offset from the Earth’s magnetic field remains small. As the simulation approaches
the Equator and the pitch error nears 90 degrees the simulation begins to act erratically because of the
singularity described earlier. This is the reason for the rapid drop seen in Figure 9a and 9c as well as
the "rebound"” seen after 24 minutesin Figure 9b.

Gyroscopic Effect Simulations
With the simulation working as expected it was determined to investigate the gyroscopic effect
and determine if the control system, as designed, would perform as desired. The next smulation

performed involved setting the spin rate about the bs; axis to 0.5 revolutions per minute (q'? = 0.05236
radians/sec, all others zero) and magnet strength of 2.6x10° EMU. These conditions represent the steady
state conditions that are desired in orbit with the current control system. The results of the smulation are
summarized in Figure 10(a-d).
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Figure 10 (a-d): Current Control System Simulation Results

As can be seen from Figure 10b Spartnik does not tumble the desired 90 degrees in a quarter
orbit. The offset from the Earth’s magnetic field, depicted in Figure 10d, grows unacceptably high. By
the end of a quarter orbit the offset is over 50 degrees. This indicates that the gyroscopic effect is
preventing Spartnik from locking onto the Earth’s magnetic field and therefore not tumbling the desired
amount.

The next series of smulations continued the investigation of the gyroscopic effect. The results
depicted in Figure 10 (a-d) indicate that the magnets are either too weak to lock Spartnik onto the Earth’s
magnetic field, the satellite is spinning too fast, or, more probably, a combination of the two. Over the
next few smulations the spin rate was lowered incrementally until the magnets were able to tumble the
satellite over 90 degreesin aquarter orbit. The results of these simulations are summarized in below:

Table 2: Investigation of Spin Rate on Control System Performance
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M aximum Offset

Spin Rate Degrees Tumbled from B Vector
(rev/min) (degrees) (degrees)

05 57 40

0.4 50 48

0.3 64 36

0.2 80 19

0.1 82 13

For spin rates below 0.2 revolutions per minute the satellite tumbles the desired amount.
Remember, because of the limitations in the model the simulation will not actually be able to tumble
through 90 degrees. Therefore, if the satellite tumbles approximately 80 degrees in 20 minutes it is
assumed the passive control system is working correctly. At 0.2 revgmin the maximum offset from the
Earth’s magnetic field was 19 degrees. Since the payloads and s/stems on Spartnik do not require
precise pointing a maximum offset of 20° should be acceptable.

Magnet Strength Simulations

The next series of simulations involved investigating the strength of the magnets and their effect
on control system performance. Eight smulations were run each incrementing the number of magnets,
and therefore, the total magnetic dipole magnitude. The spin rate for each of these simulations was set at
0.5 revolutions per minute. The results of these simulations are summarized below:

Table 3: Investigation of Magnet Dipole Strength on System Performance

Maximum
Total Magnetic Degrees Offset from B
Number of Dipole Tumbled Vector
Magnets (EMU) (degrees) (degrees)
2 2.6x10° 58 40
4 5.2x10° 74 26
6 7.8x10° 82 17
8 1.04x10* 85 12
10 1.30x10* 85 10.5
12 1.56x10* 86 9.8
14 1.82x10* 85 9.7
16 2.08x10* 85 7.8

From Table 3 it can be seen that a total magnetic dipole of 1.04x10" EMU is required in order to
overcome the gyroscopic effect induced by the 0.5 min/rev spin and cause Spartnik to tumble as desired.
The maximum offset from the Earth’s magnetic field vector was 12 degrees at this magnetic dipole
strength. One interesting effect of increased magnetic dipole was an oscillation of the offset angle from
the Earth’ s magnetic field. Because the magnetic dipole is so strong any offset from the Earth’s magnetic
field will cause arelatively large torque which, in turn, will quickly rotate the satellite in the direction
of thefield vector. The stronger the magnets the higher frequency this oscillation became.
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Moments of Inertia Simulations

Thefina series of simulations run involved changing the moments of inertiain order to determine
what effect this would have on the performance of the control system. The current design of Spartnik
calsfor ballast, in the form of metal plates, to be added to the outer shell of Spartnik in order to make |,
the largest moment of inertia. However, the amount of ballast has yet to be determined. By varying the
moments of inertia the smulation can provide some insight into the amount of ballast required for
optimal performance of the control system under a variety of conditions. Moments of inertia are also
difficult to determine precisely so information on how any possible errorsin their calculation will affect
the control system is aso important.

During this series of simulations the spin rate was set at 0.5 revolutions per minute and the
magnet dipole strength at 2.6x10° EMUs. The moment of inertia about the z axis (1,) wasincrementally
decreased from 0.331646 kg/mt', corresponding to 1.4 times lyy, to 0.23689 kg/m* corresponding to 1.1
timeslyy. I washeld constant. The results of the simulation are summarized below:

Table 4: Investigation of Varying Moments of Inertia

Maximum
Degrees Offset from B
I, - Tumbled Vector
(fractionof 1) (kgem?) (degrees) (degrees)
1.4 0.331646 50 47
1.3 0.307957 52 45
12 0.284268 59 42
11 0.260579 65 36
1.0 0.23689 74 29

As |, decreases it is expected that the gyroscopic stiffness of the system should also decrease
and the performance of the magnets and the system as a whole should increase. From the results of this
simulation this appears to be happening. However, Spartnik never achieves the desired tumble of 90
degrees over a quarter orbit. Varying the moments of inertia does not have as strong an effect on the
performance of the control system as does varying the magnet strength or the spin rate. However, these
simulations provide useful information that will be needed when selecting the final design of the passive
control system.

Conclusion

The results of the ssmulations raise concerns about the current control system design for Spartnik.
However, they aso provide some insight into what changes are necessary to improve the control system
and make it more robust. The three parameters, spin rate, moments of inertia, and magnet dipole
strength, al interact and make finding a smple solution for the control system difficult. The most
difficult of these parameters to control is the spin rate. The factors that determine spin rate, namely: area
of solar pressure paddles, difference in reflectance of both sides, amount and size of hysteresis rods, are
known. However, calculating an accurate and reliable spin rate is very difficult. Therefore, it seems
reasonable to determine a control system by changing the magnet strength and moments of inertia to suite
a wide range of possible spin rates. Any results gained by these simulations that would determine
magnet strength and moments of inertia must be checked against other subsystems. If the magnets are
made too strong they can interfere with computer memory and possibly communications. The addition of
additional mass along the outer shell of Spartnik must be checked for size constraints.
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Additionally, it must be remembered that any results gained by this simulation are just that, a
simulation of reality. When Spartnik isin orbit there will be many more torques present, including solar
pressure and gravity gradient torques. In addition there will be dissipative forces that were not included
in the ssimulation, including the hysteresis rods and the nutation damper, that will aid in the stabilization
of Spartnik.

More simulations are planned that will help determine the final magnet strength and number as
well as the amount of ballast needed. All the simulations described above were run at an altitude of 500
km and in a polar orbit. Additiona investigation is needed for different altitudes and inclinations as
well. Work is currently underway to incorporate Euler parameters into the EOMs to remove the
singularity and allow longer run times.
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