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5.1Introduction

In order to obtain mission objectives, a satellite must be properly oriented.  To that end, the attitude determination, control, and stabilization
subsystem provides the means by which to ensure proper pointing of the payload.

Depending on mission objectives, attitude determination control and stabilization (ADCS) design can be difficult.  The design of an ADCS sub-
system of a satellite requires careful evaluation of its payloads and their interaction with other sub-systems.  Attitude determination systems must provide the
accurate information necessary for one of the two following scenarios to be carried out;  1) determine the satellite’s position and orientation and than make
any necessary changes or corrections based on comparison to a predetermined nominal state, or 2) determine the satellite’s position and orientation, only
without making any changes.  The control and stabilization portions of the ADCS sub-system allow any of the calculated corrections or changes to be
initiated for maintaining the orbit and correcting perturbations in order to remain in the desired orientation.

In general, ADCS systems can be divided into two broad categories, active and passive.  These broad categories can again be divided into
several specific configurations.  The first method, active spacecraft control, is often considered the most costly and complex of all and is the system used in the
majority of the developed world's space endeavors.  The less costly means of control is the passive regime.  Passive control systems require fewer moving
parts compared to active systems and have limited power requirements and thermal dissipation effects.

In the initial design process of a satellite ADCS sub-system, several things must be considered.  Four of the most high-level will be identified in this
report.

•  Initial Attitude Acquisition is the first requirement that this system must
    consider.  The success of a mission is highly dependent upon the ability to
    accurately determine spacecraft attitude.  

•  Spacecraft attitude control is the next logical consideration in preliminary
    design.  The ability to maintain and correct the spacecraft attitude is vital to the
    successful completion of payload objectives.

•  Secondary/redundant systems simply provide auxiliary control methods in case
    of a primary system failure.
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•  Contingency operations are control modes developed to perform specialized
    tasks not included in normal operational mode.  Due to the specialized nature
    of these operations, they might be used only once during the life of the satellite,
    if at all.  Such a mode could involve certain limited resources on-board the
    spacecraft or have negative influences on other sub-systems, thus limiting this
    mode’s usefulness.

5.2Design Analysis

5.2.1Disturbance Environment

In an Earth orbit, the space environment offers several external torques that the ADCS system must either tolerate or manage.  These torques
are: gravity gradient, solar radiation pressure, magnetic field effects, and aerodynamic forces.  The most significant of these are gravity gradient, solar radiation,
and magnetic field.  Aerodynamic forces are generally not a design issue for most Low Earth Orbit (LEO) satellites above an altitude of 250 km.
Disturbances are affected by the spacecraft’s geometry, orientation, and mass properties.  There also exists internal disturbances to the control system.
Residual dipole created by the spacecraft electronics is an important consideration in disturbance torque calculation.

5.2.1.1Gravity Gradient Disturbance

The gravity gradient disturbance is a constant torque felt by an Earth orbiting spacecraft.  This disturbance is created by the finite distance between
the opposite ends of the spacecraft, causing a slight difference in the force acting on those ends.  The result is a torque about the spacecraft's center of mass.
The gravity gradient torque can be determined by the following equation:

T I Ig zz yy= −
3

2
23

µ
R

sin( )Θ
(Equation 5-1)1

where,
µ = Earth gravitational constant, (3.986E14 m3 /s2 ) 
Izz = moment of inertia about the z-axis (kg-m2 )

Iy y  = moment of inertia about the y-axis (kg-m2 )
R = orbit radius (m)
θ = departure angle from nadir (degrees)

Figure 5-1 shows gravity gradient torques for different nadir departures over a range of altitudes.  From this graph, it can be seen that the
spacecraft's moments of inertia and altitude of its orbit are factors which will influence the magnitude of the torque. The following are the moments of inertia for
SPARTNIK which were taken from the Structures sub-system’s calculations.

Iyy = 0.28393 kg-m2

Izz = 0.35307 kg-m2

The magnitudes of these torques are all of the order of 10- 8  N-m.  The small magnitude of these torques incurs no design difficulties.
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Gravity Gradient Disturbance Torques
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Figure 5-1  Gravity Gradient Disturbance Torque

5.2.1.2Solar Radiation Pressure

Torque, due to solar radiation pressure, is caused by a difference in location of the satellite's center of pressure and its center of gravity.  While in the
sun, solar radiation reflected off the satellite will create a net torque about the center of mass.  On an Earth orbiting satellite these disturbances are cyclic over an
orbit and are a function of the spacecraft's reflectivity.

The solar radiation torque can be calculated using the following equation:

( )T F C Csp ps g= −
            (Equation 5-2)  

where,

( ) ( )F =
F

c
A q i

s

s 1+ cos
   (Equation 5-3)1 

and,
Fs = solar constant (1358 W/m2 )
c = speed of light, (3.0E8 m/s)
As = surface area, (0.6993 m²)
Cp s = center of solar pressure 
Cg = center of gravity
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q = reflectance factor, (0.6 worst case)
 i = angle of incidence of the sun  (degrees)

An assumption of 0.05 m for Cp s -Cg  is used in the calculation and is typical for a small satellite. Assuming a reflectivity factor q, of 0.6, Figure 5-
2 shows solar radiation pressure torque over a range of incidence angles. The magnitudes of these worst case torques are all of the order of 10- 8  m which
is similar to the calculated gravity gradient torque magnitudes.
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Figure 5-2  Solar Pressure Disturbance Torque

5.2.1.3Magnetic Field Effects

Magnetic field torques are generated by interactions between the spacecraft residual magnetic dipole and the Earth’s magnetic field.  This
spacecraft residual magnetic dipole is caused by current running through the spacecraft wiring harness.  The residual dipole exhibits transient and periodic
fluctuations due to power switching between different subsystems.  These effects can be minimized by proper placement of the wiring harness, but during
preliminary design, a 1 A-m2  residual dipole is selected as a good approximation for a small satellite.

Residual dipole torques decrease with the inverse cube of the distance from the Earth's primary dipole.  Figure 5-3 shows residual dipole torque
magnitudes as a function of altitude.
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Figure 5-3  Magnetic Field Disturbance Torque

These calculations were made using the following equation:

T DBm =            (Equation 5-4)

where,

B
M

R
=

2
3

(Equation 5-5)1

and,
D = residual dipole (amp-turn⋅m2 )
B = Earth magnetic field (tesla)
M = magnetic moment of the Earth, (7.96E15 tesla-m3 )
R = radius of orbit (m)

The magnitudes of this torque are of the order 10- 5  N/m, which is 3 orders of magnitude larger than gravity gradient and solar pressure torques.

5.2.1.4Aerodynamic Forces

Aerodynamic torques are due to atmospheric drag acting on the satellite.  They can be quite significant, especially at low altitudes.  At higher
altitudes the aerodynamic torque is almost negligible.  These torques can be difficult to calculate because parameters, such as cross sectional area, can change
rapidly with time.  Also, atmospheric density varies significantly with solar activity.  Torque calculations were made using the following equations:
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( )T F C Ca pa g= −
  (Equation 5-6)

where,

( )F = 0.5 C AVd
2ρ

  (Equation 5-7)

and,
Cd = coefficient of drag
A = cross-sectional area (m2 )
V = spacecraft velocity (m/s)
Cpa = center of aerodynamic pressure
Cg = center of gravity

ρ = atmospheric density (kg/m3 )

The small satellite assumption is used in determining Cpa-Cg. Figure 5-4 shows the effects of altitude on aerodynamic torque.  A logarithmic
scale was necessary because of the large variation in magnitude.
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Figure 5-4 Aerodynamic Disturbance Torque
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At altitudes above 600 km the torque becomes very small and at lower altitudes the aerodynamic torque is quite large with magnitudes up to
10- 4  N/m

5.2.1.5Total Disturbance Torque.  

In order to better visualize all of the disturbance torques, they have been added together in Figure 5-5 showing the total worst case torque
magnitudes over a range of altitudes.  This assumes that all of the torques are acting in the same direction, which is very unrealistic.  The most predominant
torque is created by the aerodynamic force at low altitude.  At higher altitudes the total disturbance torque is sensitive to magnetic field interactions.

Total Environmental Disturbance Torque
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Figure 5-5 Total Environmental Disturbance Torque

One must keep in mind that these environmental disturbance models use many assumptions and are developed to show worst case torques.
This information can be used to assist the preliminary hardware design specifications.  During the development of the SPARTNIK program, these models
were refined to show effects of disturbance interactions following more detailed analysis. This reduces the magnitude of the total expected disturbances due
to torque cancellation effects.

5.2.2Selection of Control System

A control system for SPARTNIK must be chosen in order to deal with or overcome the disturbance environment described above and
allow SPARTNIK to complete its mission objectives.  Control systems are divided into two types, active and passive.  There are advantages and
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disadvantages for both.  One must chose accordingly to the requirements set forth by the other subsystems.  A brief description of both types of control
systems follows and then the reasons for the selection of a passive subsystem will be given.

5.2.2.1Active Control System

An active control system is one that uses movable parts that integrate with the satellite to produce changes in orientation, and give the appropriate
attitude.  These systems require electrical power and often computer control.  Some of the components used by such control system consist of moment
wheels, reaction wheels, thrusters, and others.  But the integration of such control into a micro-satellite can be complicated.  Usually, preliminary mission design
indicates that small, unmanned low-earth orbiting spacecraft can be controlled purely by a passive control system.  Even though this is the case, the possibility
of using an active control system was considered.

5.2.2.2Passive Control System

A passive control system is one which provides a controlled attitude using various methods and components that do not require moving parts.
Passive control systems also do not require any electrical power, which makes them prime candidates for use in micro-satellites where power generation is
minimal.  Some of the components and methods of passive control are spin stabilization, gravity gradients, nutation dampers, hysteresis rods, and others.
The reliability  of such a control system is high.  Since there are no movable parts, the chances of  parts breaking, splitting or jamming are minimum.  Also,
gravity and magnetic fields are not going to fail, at worse their behavior will slightly deviate from the norm.  

5.2.2.3Selection of Passive Control System

The selection of the control system for SPARTNIK has primarily focused on the requirements set forth by each payload.  In addition,
environmental disturbances help determine minimum performance requirements that need to be achieved by the control system. These disturbances are
dependent, among other things, on SPARTNIK's orbit. Although a final orbit has not been determined, analysis over a range of orbits has been
performed.  The candidate orbit altitudes that are being investigated are 500 to 700 km with inclinations of  45 to 90 degrees.  An extensive amount of time
during the preliminary design stage and post-preliminary design report (PDR) was spent developing a parallel active/passive ADCS system.  The final
decision to pursue a passive spacecraft with a controlled tumble was made after completing preliminary research and development of an active control
system incorporating the use of electromagnets.  Given the complexity of such an active system, and the substantial time needed to develop and qualify the
computer programs needed, the active system has been dropped from consideration.  The only possibility would be to fly a portion of the active control as
an experiment to qualify the theory.   Preliminary trade studies conducted are included that lead to a decision to continue with a passive control system.
Additionally, the categorizing of disturbance torques experienced by the spacecraft are relevant for this system.

5.2.2.4Design Trade Study

In the initial stages of research and development, the ideal ADCS control system was one which required little complexity and no moving parts.
It was logical to make this assumption since the spacecraft is small.  At this point in time, a passive control system has been selected for use on SPARTNIK.
A passive control system is commonly used on micro-satellites such as Webersat and almost all other AMSAT satellites.2  Robert J. Twiggs from Weber
State University, who worked on Webersat, was also a great and reliable source of information when considering this design.

The initial baseline option for the primary SPARTNIK ADCS sub-system was passive spin stabilization.  Preliminary investigation into the
hardware and design requirements was successful.  The 'spinning' up of the satellite will be accomplished with eight solar pressure paddles
(SPP).  An explanation of how the SPP uses solar radiation pressure to develop the spacecraft spin will be given later in this document.
The inclusion of permanent magnets, mounted within the spacecraft’s honeycomb sides, will cause the satellite to achieve a controlled tumble.  Earth-horizon
sensors will be use in conjunction with solar panel current sensors for orientation and attitude determination.  After meetings with the SPARTNIK sub-
system mentor, some additional information concerning the spacecraft design was brought to our attention.  The technique of using passive spin stabilization
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brings with it two important obstacles:  1) the time required for the orbiting spacecraft to reach an equilibrium attitude and spin can be relatively long, and 2)
without including permanent magnets, the spacecraft could stabilize in an attitude such that the CCD payload might never point toward the Earth,  and there
would be no way of making corrections to the unacceptable attitude.  Additionally, it was determined that in making the initial selection of an ADCS system,
key requirements of our payloads were overlooked.  Given this information the spacecraft payload requirements were re-evaluated.  With some industry
assistance, a trade comparison conducted on passive spin stabilization vs. other methods; mainly 3-axis stabilization is shown in Table 5-1.

Table 5-1 Baseline Evaluation

Spin Stabilization Other Method (3-Axis)
Camera - / 0 +

Micro-Meteorite Impact
Detector (MMID)

- / 0 +

Results 2 negative or 2 neutral 2 plus

A plus (+) notation in the attitude stabilization column indicates that the listed payload would benefit from that type of control system.  A negative
(-) notation indicates the payload would be hindered by that particular system and a zero (0) indicates that the payload would neither benefit nor be hindered
by that system.

Each payload was analyzed based on its requirements.  Each stabilization method was then evaluated based on its ability to meet these
requirements.

5.2.2.4.1Camera

The main concern with the camera is the ability to predict where it is pointing at any given time.  Although the pointing requirement of this payload
is relatively loose, a more accurate knowledge of the spacecraft's attitude will afford a more precise idea of what the camera is taking a picture.  The obvious
solution to this problem is to allow full control over the spacecraft attitude.  This is achieved through 3-axis stabilization and reduces the probability of taking
unwanted pictures of deep space or of the sun.

5.2.2.4.2MMID

Givenonlyattitudeinformationfromtheknowledgeofspacecraftspin,thisparticularpayloadwillprovideonlya"yes"or"no"answerasto
whetherornotanimpacthasoccurred. Thelimitedknowledgeofattitudewillonlyallowaroughdescriptionofthedirectionfromwhichthe
impactingobjectcame.TheMMIDwasgivenaplusandneutralrating. Utilizing3-axisstabilizationtechniqueswillassistindeterminingroughly
the direction from which the micro-meteorite impacts originated.

5.2.2.5Results of the Design Trade Study

As can be seen from Table 5-1 when the two columns are summed, the results are in favor of a stabilization method other than passive spin.
The other method investigated refers to a 3-axis stabilization.  Therefore, the results of this trade study show:

A.  Two (2) against and two (2) neutral with regard to spin stabilization.
B.  Two (2) in favor of 3-axis stabilization.

From these results the decision was made to change the baseline option for the ADCS sub-system from passive spin stabilization to 3-axis
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stabilization.  Although the same sensor configuration will be used for attitude determination, the addition of magnetorquers and a magnetometer into the
control design is necessary in order to utilize the Earth’s magnetic field. This active control system is not without disadvantages.  The magnetorquers require
extensive orbit and magnetic field interaction simulations as well as complex control algorithms if SPARTNIK were to have complete on-board control.
Another issue of concern for the magnetorquers is their need for a continuous, varying current.  The torque produced is dependent upon the current
supplied to the electromagnets from the power sub-system.  Changes in power or current available to the magnetorquers can cause them to produce
unwanted or erroneous torques which may or may not damp out the required disturbance torques. A “back-up” or contingency system was needed to
supplement the active system, as long as it was simple and did not depend on power.  This led to the incorporation of passive stabilization into the current
active system.  The passive system design must meet other specific parameters besides those listed above.  One of those other parameters include the
following: torques produced by the passive system must be enough to overcome the environmental disturbance torques, but at the same time cannot
overcome the torques produced by the active system.  The design of the passive system will be covered in more detail later in this report.

After completing several stages in the development of an electromagnetic active control system, it was discovered that the scope of
implementing such a system in this project was not feasible.  Consequently, the parallel design of an active and passive system has been discontinued.  The
SPARTNIK micro-satellite will be passively spin stabilized with a controlled tumble as described previously.  Therefore, all mathematical modeling of the
Earth’s magnetic field and disturbance torque characterizations will still be valid.  The rate of spin for SPARTNIK was decided to be 2 minutes per
revolution or about 3 degrees per second.

5.2.3Attitude Control Hardware Selection

5.2.3.1Permanent Magnets

Permanent magnets mounted in the spacecraft are used for passive stabilization and control.  
They are usually used in order to make attitude determination a more reasonable task by holding the satellite in a mathematically predictable orientation.  With
the appropriate dipole strength and orientation, the magnets can be used to keep the satellite’s positive Z axis oriented with the local Earth magnetic field
vector.  The magnetic dipole is shown in Figure 5-6. This control method has been used several times by AMSAT in combination with other passive
control methods 2.

+Z Face

-Z Face

(South Pole)

(North Pole)

(Camera Face)

Satellite Magnetic Dipole

Figure 5-6 SPARTNIK’s Magnetic Dipole Orientation

During the course of an orbit the satellite's orientation is influenced by the interaction of the permanent magnets with the Earth's magnetic field.  As
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the satellite nears the magnetic equator a change in dipole orientation will cause the satellite to flip over in order to realign its magnetic dipole with the local
ambient magnetic field.  This "flip" effect will be repeated twice per orbit near the Earth's magnetic equator.  Figure 5-7 shows the motion of the satellite over a
period of one-quarter orbit.
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Figure 5-7 Spartnik Attitude for a Quarter Orbit

Because of the dependence of the Earth's magnetic field upon the location on an orbit, the torque created by permanent bar magnets also
varies.  The torque vector, N, generated by a magnet can be calculated using the following equation:

N = µµ x B (Equation 5-8)3

where,
N = magnetic torque (dyne⋅cm)
µµ = magnet's dipole moment (EMU)
B = Earth's local magnetic field vector (Gauss)

At some intervals on an orbit the bar magnet dipoles may be parallel to the Earth's magnetic field vector, thus generating no torque.
The magnetic hardware that had been investigated included two different types of materials and two different sizes.  Magnetic materials were

evaluated based on their cost, magnetic strength, resistance to demagnetization, and temperature stability.  The first material, Alnico-5, has been used on
several small satellites including Webersat.2 Alnico-5 is a relatively inexpensive material that has medium to high strength, very high temperature stability but
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low resistance to demagnetization.  The Earth’s relatively weak magnetic field, as compared to the proposed satellite magnets, almost negates the concern
for demagnetization.  Neodymium Iron Boron (NdFeB), which was the second material considered, has a very high strength, very high resistance to
demagnetization, and medium to low temperature stability.  This type of material will, however, retain its magnetic strength up to approximately 150°C.
According to thermal calculations, the bulk temperature of SPARTNIK will not exceed this value.

Bjorn Svenssen of Dexter Magnets was consulted when the magnet size and strength was considered.  He initially recommended two
magnets of NdFeB, 0.75" x 0.75" x 0.6" each, located as far apart from each other to generate the largest moment arm and thus a large torque.  The
structure’s sub-system had asked not to use these magnets due to their shape and to pursue the longer, cylinder, magnet configuration.  The final selection
consists of two (2) NdFeB cylinder-shaped magnets, 0.25 cm diameter by 0.25 cm height.

The magnets selected have an energy product of 35 Mega Gauss-Orested and the magnet moment was calculated to be 2.6E3 EMU.
One consideration regarding using this strength of magnet is its effect on the electrical components of the satellite.  However, based on discussions with the
other sub-systems this will not be a concern. 

5.2.3.2 Hysteresis Rods

The original design of Spartnik included a spin control system that utilized the hysteresis affect of a subclass of metals.  It was determined late in the
2000-2001 school year that the designers had made a critical error in the placement of the hysteresis bars that rendered them useless.   For a detailed
discussion of the reasons behind the incorrect placement see the paper posted on the Spartnik internet site written by Kelly Kim at,
http://www.engr.sjsu.edu/spartnik/adac.html under the link 'Analysis of Hysteresis.'  However some question was raised to the accuracy of the paper and
an attempt is being made to experimentally settle the question.  The results of the experiment are  currently not yet known and will not be discussed here.
When the results are known they will be appended both here and into the 'Big Book.'

5.2.3.3Nutation Damper

The nutation damper consists of a viscous ring damper mounted on the upper inside surface of the spacraft, perpendicular to the spin axis.  A
viscous ring damper is a simple device that uses fluid friction to dissipate energy from a nutating body.

The ring consists of thin walled tubing that is rigidly mounted to the spacecraft body.  The tubing is partially filled with a viscous fluid.  When the
spacecraft is turning about its spin axis, centripetal force causes the fluid to push against the inside of the thin walled tubing.  This normal force of the wall
combined with the viscosity of the fluid creates a frictional force that opposes motion of the fluid.  After initial spin-up, the frictional force will eventually bring the
fluid up to the same velocity as the thin walled tubing.  The fluid will not continue to increase in velocity because the frictional force would change direction,
opposing any increase.

In order to understand the nutation damping process, consider one cross section at a fixed point on the ring damper which is rotating with the
spacecraft.  When the spacecraft is not nutating the fluid remains at rest - pushed against the wall by the constant centripetal force. (Figure 5-8a)  When the
spacecraft is nutating, the off axis spin combined with precession will cause this fixed point in the cross section to move up and down.  This motion disturbs the
fluid from its static state causing frictional forces that oppose the vertical motion, Figure 5-8b.
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The viscous ring damper will be 14.875 inches in diameter, and the thin walled tubing cross section is 3/8 inch in diameter. The thin walled tubing
is made of 98% aluminum mixed with other elements including: 0.06% silicon, 0.7% iron, 0.05%-0.2% copper, 1.0%-1.5% magnesium, and 0.1%
zinc.  The tubing has a 12.9 coefficient of thermal expansion.  As a pressure vessel the tubing can withstand 9498 psi before yielding.  The pressure vessel will
only experience 14.7 psi because the viscous fluids, air and oil, will be at atmospheric pressure while the outside of the tube will be a vacuum.  The tubing will
be sealed with an ultra-high leak proof flair fitting.  The pressure calculations can be found in Appendix 5-H.

The viscous fluid will be denatured ethyl alcohol.  This fluid was chosen because counter intuitively a minimally viscous fluid is desired and this fluid
will maintain its properties with in Spartniks temperature range.

The centripetal force pushing the fluid against the tubing wall will be 0.0225 lbs.  This amount of force will give an expected frictional force of about
1.124e-4 lbs.  This force may be small, but to give some idea of how effective it is, this force will bring the fluid from rest up to the target spin rate (0.5 rev/min)
in about 42 seconds.

Table 5-2 Nutation Damper Specification

Spin Rate 0.5 rev/min

Hoop Radius 7.44 in

Skin Friction 0.005
Fluid Mass 0.437 slugs

Fluid Volume 2.53 in3

Centripetal Force 0.0225 lbs

Frictional Force 1.124e- 4  lbs
Spin Damping Torque 7.375e- 5  lb-ft

5.2.3.4Infrared Sensors

TheEarth-Horizonsensorsareinfrareddetectors,whichwillbeusedtodetermineSPARTNIK'spointingrelativetotheEarth. Thesesensors

5



were obtained from Radio Shack (Part # 276-145), and will be used for the following purposes:

1) As a way to determine when the Earth is in the viewing area of the camera.

2) As support for our attitude determination by Earth sensing.

The Earth-Horizon sensors consist of two photo transistors whose output is a function of infrared radiation.  The infrared detectors will be located
on the top face of the spacecraft, one on each side of the camera lens. The sensors will be mounted inside of the aluminum honeycomb structure with an
opening of approximately 1 mm through the outer aluminum plate while the sensor circuitry will be located on the main CPU board.  The purpose of a
small aperture is to aid in limiting the field of view of both sensors.  By mounting these sensors in such a way, the Earth will be the only source of infrared
radiation which will occupy the sensors combined field of view of approximately 40 degrees.  This is known since at an altitude ranging from 300 to 700
km, the Earth will occupy between 145 to 130 degrees field of view of the camera's face as it points towards Earth.  A diagram of the proposed
configuration is shown in Figure 5-9.

Similartothesolararrays,theEarth-horizonsensorsmustbecalibratedbeforelaunchtodeterminethesensoroutputasafunctionofinfrared
radiationand incidenceangle. Once theEarthentersthe combinedfieldofview, bothsensorswillbetriggeredtoregisteramaximumoutput. During
periods when both sensors are reading a maximum voltage output, it is logical to 

I R Detectors
I R Sensor Combined FOV   = 40 deg
                       Camera FOV  = 45 deg

Camera
+Z Face

Figure 5-9 Earth Horizon Sensor (EHS) Detection Placement

assume that the Earth is also in the field of view of the camera.  Considerations must also be given to the infrared radiation emitted by the moon and the sun,
therefore preliminary testing of the detectors is required.  The testing of the infrared sensors is discussed later in this document.  The type of infrared sensor
selected detects infrared radiation with a wavelength of 1 micron.  This is a major drawback since the infrared radiation of the Earth has a wavelength of
approximately 15 microns, in this case the sensors will only be able to give binary readings of on or off to indicate whether or not the sensors are being
illuminated. 

OnceSPARTNIKisinorbitthedatasampledbythesensorswillserveastelemetrydataforthespacecraft.Thewayinwhichthesesensors
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will operate over an orbit is as follows:

1)  On initial orbit insertion the CPU will be taking sensor reading six times per second.

2)  Once on orbit the CPU will collect data to be used in the Attitude Determination Algorithm (see Algorithm description on p.46). 

3)  After stabilization, when a picture is to be taken, the sensors will be activated for the CPU to begin collecting data.

4) Oncethetwosensorsarereadingamaximumoutputandthevaluescorrespondtoananglethatisknowntobewithinthefieldofview,a
picture or pictures of the Earth can be taken.  (Note:  The CCD is not limited to operating only when the sensors give an “on” reading.)

5) Oncethepictureorattitudedeterminationreadingshavebeentaken,thesensorsmaybeturnedoff,orremainonforthedatacollectionor
sensor testing and calibration.

5.2.4Passive Control System Modeling

5.2.4.1Earth's Magnetic Field Interaction Modeling

A six degree of freedom integrated model was developed in C, in order to determine the orientation of the satellite at different latitudes.  This
model takes into account the predicted two tumbles per orbit generated by the spacecraft’s attitude control magnets.  The program was developed by
Darren Dow from the software subsystem.  This model incorporates the gyroscopic rigidity of the spinning spacecraft.  All of the simulations are performed
over one polar orbit.  The goals of this model are as follows:

1)  Show what latitudes would be available for picture taking.
2)  Determine the optimum angle for camera mounting.
3) Show the amount of nutation that could be expected during a magnetic field   
imposed "flip" of the spacecraft.

Using Quick, an application program, a routine was set up to calculate the magnetic field vector at every second along several different 90 minute
orbits.  The data acquired from these magnetic field simulations was then combined with a C program which integrates the interactions between the
spacecraft’s magnets and the Earth's magnetic field.  The accumulation of torques and angular accelerations created by such interaction are then used with
the satellite’s equations of motion to predict the satellite's attitude over different orbits. The model shows how the nutation angle varies with respect to the bar
magnet’s strength as well as the orbit inclination.  In order to understand how the magnets interact with the Earth’s magnetic field a brief discussion of the field is
included.

5.2.4.1.1The Earth's Magnetic Field

The Earth's magnetic field is simply characterized by a magnetic dipole, such as that produced by a current loop or a sphere of uniform
magnetization.  Originating within the earth, this magnetic dipole is offset from the Earth's center, and is fixed in the rotating frame of the Earth with a slight
variation of about 0.19° per year westward and 0.23° per year northward.3

Secondary current loops produce local magnetic dipoles in the magnetic field.  These secondary dipoles interact with the primary dipole to
produce local anomalies, giving the magnetic field a multipole nature.  Secular drift is caused by the creation and decay of secondary current loops.

The higher order multipole effects interact in a complicated manner within the Earth's primary dipole, but luckily it can be modeled.  To model
such phenomena, an equation for the Earth's magnetic field potential, which is expressed in spherical harmonics, is used.  This equation is the following:
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where,
a = equatorial radius of Earth (km)
r = geocentric distance (km)
θ = coelevation (degrees)
φ = east longitude from Greenwich (degrees)
gn = Gaussian coefficient
hn = Gaussian coefficient
Pn = Gaussian coefficient

The Gaussian coefficients, gn , hn  and Pn , must be determined using least squares fit on collected magnetic field data.  These coefficients are updated
frequently by the U.S. Geophysics Magnetic Survey and have been verified to be quite accurate by magnetic field measurements obtained from satellites.

The primary magnetic field harmonic is called the dipole.  The second and third order harmonics are called the quadrupole and octupole,
respectively.  The strength of the magnetic field decreases with the inverse cube of the distance from the center of the dipole.  The quadrupole decreases with
the inverse fourth power and the higher degree poles decrease even more rapidly.  Therefore, use of the primary dipole alone is a good approximation for
preliminary field strength approximations.  Examples of the Earth's magnetic field intensity over time are shown in Figure 5-10.  The data are output in
Cartesian coordinates with respect to the center of the Earth.
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Figure 5-10 Magnetic Field Strength over Orbit

5.2.4.1.2Results

Some preliminary results can be observed in  and .  These graphs were generated by using a 10 Amp-m2  magnet strength configuration.
Magnets of this strength are weaker than planned in order to show worst case results of magnetic orientation control.  The spacecraft’s orientation angles
over the period of half an orbit are shown in .  Lambda (λ) is the angle between the rotating body frame z-axis(spin axis) and the spacecraft non-rotating z-
axis.  Phi (φ) is the angle between the rotating body frame x-axis and the spacecraft non-rotating x-axis.  Theta (θ) follows from above; obeying the right
hand rule.  The most important angle to consider is Phi, since it shows the orientation of the satellite's spin axis over half an orbit.  MATLAB simulations
showed that the dynamic model follows the predicted two tumbles per orbit. Again, MATLAB was simulate a worst case expected nutation over half an
orbit.  The result was a maximum worst case nutation angle of 25° for a period of about 70 seconds.  The magnitude of these nutation angles can be greatly
reduced with the use of stronger magnets.  Using a magnet strength of 50 Amp-m2  reduces the expected nutation angles to between 5-10°.  

5.2.4.2Numerical Integration Simulation

A second simulation was created to numerically integrate the Equations of Motion (EOMs) describing SPARTNIK’s attitude and also to fully
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visualize and understand the motion of SPARTNIK when in orbit.  The goal of this model was threefold.  The primary goal was to give some insight into
whether the “spin” and “tumble” that SPARTNIK would experience in orbit would interact with each other, either by disrupting or canceling each other
out.  The fear being that, when spinning, SPARTNIK would act like a gyroscope and the induced tumble would interact with this spin and cause
SPARTNIK to behave in an undesirable manner.  The simulation would verify if this affect was indeed happening and, if so, what could be done to
minimize it.  The second goal was to resolve a problem with the moments of inertia of the satellite.  It has been determined that extra mass is needed around
the outside shell in order to make SPARTNIK spin about the Z-axis.  The third and final goal of the simulation was to generate an attitude profile of
SPARTNIK over the course of one orbit.  Such profile could then be compared to the real attitude data once the satellite is in orbit.

With these objectives in mind, it was determined that MATLAB would be used to numerically integrate the EOMs.  Hereafter, the simulation
mentioned above will be referred to as simply the simulation.  

5.2.4.2.1Definition of Frames/ Rotations

Thefirststeptodevelopingthesimulationistodefineasetofcoordinatesandcoordinateframesinwhichthedynamicmodelwillbedeveloped.
Three coordinate frames were chosen to model the dynamics of Spartnik: an inertial frame, a rotating frame, and a body fixed (also rotating) frame.

5.2.4.2.1.1The Inertial (I) Frame X-Y-Z

Thefirstframedefinedisaninertialframe,labeledX-Y-Zandhereaftercalledsimplytheinertialframe. Theoriginislocatedatthecenterofthe
EarthwiththeXaxisdefinedtopointinthedirectionoftheVernalEquinox,ZpointingnorthandYcompletingtherighthandedframe. Thisframeisused
primarilytocalculatethelatitudeandlongitudeofSpartnik’scenterofmassasitmovesalongitsorbit. Theprocessbywhichthespacecraft latitudeand
longitude are calculated is described later.  

5.2.4.2.1.2The Local Rotating (R) Frame x-y-z

Next a rotating frame, labeled x-y-z and hereafter referred to as simply the rotating frame, is defined with its origin centered on Spartnik’s center of
mass. Thexaxispointsinthedirectionofmotionintheplaneoftheorbit,zisnadirpointing(i.e.towardthecenteroftheEarth),andycompletestheright
handedframe.AlthoughthisframeisdefinedwithitsoriginatthecenterofmassandrotatesaroundtheorbitalplanewithSpartnik,itisnot fixedinthebody
of the satellite.  Therefore, the z axis will always be nadir pointing.  The inertial and rotating frames are graphically depicted in Figure 5-11.
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Figure 5-11: The Inertial and Rotating Frames

5.2.4.2.1.3The Body (B) Frame b1-b2-b3

Athirdframe,labeledb1 -b2 -b3 andhereaftercalledthebodyframe,isneeded. TheoriginofthisframeiscenteredonSpartnik’scenterof
massandisdefinedsuchthatb1 pointsoutwardnormaltoPanel3,b2 pointsoutwardnormaltoPanel1andb3 pointsoutwardnormaltothetopPanel.
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This frame is graphically represented below in Figure 5-12.
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Figure 5-12: The Body Frame

ThebodyframeisdefinedsuchthatitisfixedinthebodyofSpartnikandthuswillbeusedtodeterminetheorientationofSpartnikwithrespectto
therotatingframe. Sincethezaxisisalwaysnadirpointingtheoffsetoftheb3 axisfromnadircaneasilybeusedtomeasuretheperformanceoftheattitude
controlsystem. IfSpartnik'sattitudecontrolsystemisworkingasdesignedthisoffsetanglewillbesmallwhenoverthenorthernhemisphere.Therefore,one
oftheprimarygoalsofthesimulation,namelywhetherthecameraispointedEarthwardwhenoverthenorthernhemisphere,canbedeterminedquickly.
The end goal of the simulation is to generate a time history of the orientation of the body frame with respect to the rotating frame.

Inordertorelatetherotatingframetothebodyframea1-2-3bodyEulerrotationisperformed. Initially,thebodyframecanbeassumedtobe
aligned with the rotating frame, that is b1  aligned along the x-axis, b2  along the y-axis, and b3  along the z-axis.  First, the body frame is rolled φ degrees about
thexaxis.Next,theresultingintermediateframeispitchedθdegreesaboutthey’axisandfinallyyawedψdegreesaboutthez”axis.Thesethreerotations,
φ, θ and ψ, are shown in Figure 5-13.  
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Figure 5-13: Body 1-2-3 Rotation

Combiningtheresultsofthesethreerotationsleadstoadirectioncosinematrixallowingthetransformationofanyvectorfromtherotatingframetothebody
frame.  The matrix becomes:
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       (Equation 5-10)

5.2.4.2.2Derivation of the Equations of Motion

Withtheframesdefined,ameans torotateamongthem, andthe objectivesofthe simulationinmind,the EOMscannowbederived.
NumericalintegrationoftheseEOMswillgiveatimehistoryoftheorientationofSpartnik. Afewassumptionsarebuiltintothesimulation. First,anearly
estimate of the mass distribution of Spartnik generated the following moments of inertia:

Table 5-3: Estimated Moments of Inertia

Ixx = 0.30393 kg·m2 Ixy = 0.00009 kg·m2

Iyy = 0.32415 kg·m2 Ixz = -0.00044 kg·m2

Izz = 0.48614 kg·m2 Iyz = -0.00315 kg·m2

Althoughthesevaluesarenotfinalizedtheyshowthatthesatellite'sbodyaxes,asdefinedpreviously,canbeassumedtobealongprincipleaxes.
This assumption allows the derivation of the EOMs to be simplified, using the fundamental equation from Newtonian mechanics

[ ]{ }M
H

= =
I d
dt

d
dt

I I Bωω
(Equation 5-11)

where
 M = sum of the external moments about the center of mass (N·m)
I dH/dt = time derivative of the angular momentum about the center of mass relative to an inertial frame (kg·m2 /s)
[I] = inertia matrix about the center of mass, assumed constant for Spartnik (kg·m2 )
Ι ωωΒ = angular velocity vector of the body frame relative to an inertial frame (radians/s)

Breaking down the overall equation into its different components using Euler’s form of equation 5-15 gives

 ( )M I I Ixx x zz yy y z1 = + −&ω ω ω
 (Equation 5-12a)

( )M I I Iyy y xx zz x z2 = + −&ω ω ω
(Equation 5-16b)
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( )M I I Izz z yy zz x y3 = + −&ω ω ω
(Equation 5-16c)

where
M1  = sum of the externally applied moments about the x-axis (N·m)
M2  = sum of the externally applied moments about the y-axis (N·m)
M3  = sum of the externally applied moments about the z- axis (N·m)
Ix x  = moment of inertia about the x-axis (kg·m2 )
Iy y  = moment of inertia about the y-axis (kg·m2 )
Iz z  = moment of inertia about the z-axis (kg·m2 )

Note Ix y , Ix z , and Iy z  are approximated as zero.

Solving equations (5-16a), (5-16b), and (5-16c) for 
&ωx , 

&ωy ,
&ωz  leads to

( )[ ]&ω ω ωx
xx

x zz yy y zI
M I I=







 − −

1

(Equation 5-13a)

( )[ ]&ω ω ωy
yy

y xx zz x zI
M I I=









 − −

1

(Equation 5-17b)

( )[ ]&ω ω ωz
zz

z yy xx x yI
M I I=







 − −

1

(Equation 5-17c)

Theseequationsareonlyvalidiftheangularvelocityisdescribedwithrespecttoaninertialframe. Theangularvelocityofthebodyframewithrespecttothe
inertial frame can be expressed as

I B I R R Bωω ωω ωω= +  (Equation 5-14)

Expressed in body frame coordinates this becomes

I B
x y zωω = + +ω ω ωb b b1 2 3 (Equation 5-15)

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

I R nωω = − y  (Equation 5-16)

where "n" is the mean orbital motion equal to the angular rate of Spartnik moving on its orbit or
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n
a

=
µ

3
(Equation 5-17)

where
µ = geocentric gravitational constant (3.986 x 105  km3 /sec2 )
a = semi-major axis of orbit (km)

Converting equation 5-20 into body frame coordinates using the direction cosine matrix from equation 5-14 leads to 

( )I R nS S C nC Sωω = − − +φ θ ψ φ ψ b1 ( ) ( )nS S S nC C nS Cφ θ ψ φ ψ φ ψ− +b b2 3 (Equation 5-18)

The angular velocity of the body frame with respect to the rotating frame, R ωωB , can be expressed as follows
R Bωω = + +& & &φ θ ψx y" b 3  (Equation 5-19)

where 
&φ, &θ , and &ψ  are as described in Figure 5-13. This equation, expressed in the body frame, becomes

R Bωω = + +ω ω ω1 2 3b b b1 2 3 (Equation 5-20)

where

ω θ ψ φ θ ψ1 = +&sin &cos cos  (Equation 5-21a)

ω θ ψ φ θ ψ2 = −&cos &cos sin (Equation 5-25b)
ω φ θ ψ3 = +&sin & (Equation 5-25c)

Equation5-23givesanexpressionoftheangularvelocityofthebodyframe withrespecttotherotatingframethatcanbe(numerically) integratedwith
equation5-17(a-c)oncetheexternalmomentcomponentsMx ,My ,Mz arespecified. Substitutingequations5-19and5-22into5-18andequating
like-terms leads to the following three equations

ω ω φ θ ψ φ ψ1 = + +x nS S C nC S
(Equation 5-22a)

ω ω φ θ ψ φ ψ2 = − +y nS S S nC C
(Equation 5-26b)

ω ω φ θ3 = −z nS C
(Equation 5-26c)

Finally, solving equation 5-25(a-c) for
&φ, &θ , and &ψ  leads to the following expressions for the angular velocities of Spartnik

 

&φ ω ωψ

θ

ψ

θ

=






 −









C

C

S

C1 2

 (Equation 5-23a)
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&θ ω ωψ ψ= +S C1 2 (Equation 5-27b)

&ψ ω ω ωθ ψ

θ

θ ψ

θ

=
−






 +







 +

S C

C

S S

C1 2 3

 (Equation 5-27c)

Notethattheseexpressions experienceasingularitywhenθequals90degrees. Additionally,θislimitedtoa rangeof-90°to+90°. Thesefinalthree
equations, along with the three equations 5-17(a-c), can be numerically integrated to generate a time history of the orientation of Spartnik.

5.2.4.2.3Modeling of External Moments

OncetheequationsofmotionandcoordinateframesareidentifiedanddefinedtheexternalmomentsthatwillbeactingonSpartnikneedtobe
identifiedandmodeled. Spartnikwillexperienceatleastfourdifferenttorqueswhileinorbit. Thesetorquesresultfromaerodynamicdrag,solarradiation
pressure,gravitygradient,andmagneticfieldeffects4 .Calculationsshowthatthemagneticfieldinteractionisthreeordersofmagnitudegreaterthantheother
three torques5 .  Therefore, it is the first external moment to be modeled.

5.2.4.2.3.1Earth's Magnetic Field

Inorder tomodeltheinteractionofthe permanentmagnetswiththe Earth’smagnetic fieldareliable modelfortheEarth’smagneticfield is
needed.ThefieldmodelusedistheInternationalGeomagneticReferenceField(IGRF)model. Thismodelincludesthemainorcorefieldwithoutexternal
sources, such as the interaction of the field with the solar wind.  The field model is valid for altitudes up to 30,000 kilometers and for the years 1945 to 20006 .
Two sets of magnetic field data with different resolutions have been obtained.  One is a 5° latitude by 5° longitude grid and the other is a 10° by 10° grid, both
compiledfora1000kmaltitude. Simulationscanberunusingthe10°by10°gridforthepurposeofdebuggingthecode. Oncethebugsarefixed,and
one obtains trustworthy results, the grid definition can be increased to 5° by 5° for more accurate results.

Inordertoobtainthefieldvectorforlongitudeandlatitudevalues,thatliewithinthegridpoints,bilinearinterpolationisused. Reference7describes
the interpolation method used in this simulation.  A description of the core field and a single block of the downloaded grid are pictured in Figure 5-14.

Core Magnetic Field

5° or 10° Latitude

5° or 10° Longitude

S

N

Figure 5-14: Core Magnetic Field and Sample of Data Grid

The moment due to the Earth’s magnetic field can be modeled as

ττ µµ= × B (Equation 5-24)

where
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ττ = resulting torque applied to Spartnik (dyne·cm)
µµ = magnetic dipole moment of Spartnik (EMU)
B = local magnetic field vector of Earth’s magnetic field (Gauss)

TherequiredmagneticdipoleofthemagnetsonSpartnikhavebeenpreliminaryestimatedtobe5.2x103 EMUfortwomagnets,directedinthepositive
b3  direction.  The strength of these magnets will not vary significantly within the life span of Spartnik due to their low demagnetization properties7 . 

Nowthatbothparametersforequation5-28aredefinedthetorquethatSpartnikwillexperiencethroughitsorbitduetotheEarth’smagnetic
field and the permanent magnets can be computed by the process described below:

(1) Calculate 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) Calculate µµ.  The direction of the vector, in the rotating frame, is determined by Spartnik’s current orientation.
(5) Calculate ττ and integrate EOMs to get new orientation of Spartnik.  
(Note M = ττ = M1 b1  + M2 b2  + M3 b3 )

5.2.4.2.4Numerical Simulation Methodology

MATLABwasthechosentooltonumericallyintegratetheEOMsdescribedabove. Thereasonforthischoicewaseaseofdevelopment
andfamiliarityoftheprogrambytheauthors. Forthepurposeofdebuggingthecodethefunction"ode23"wasusedtonumericallyintegratetheEOMs.
Ode23usessecondandthirdorderRunga-Kuttaformulastonumericallyintegrateasystemofordinarydifferentialequations. Whiledebuggingthecode
the tolerance of the integration was set at 1x10- 6 .  When the simulation was fully debugged, fourth and fifth order Runga-Kutta formulas were used with the
"ode45" function call, and the tolerance increased to 1x10- 1 2 .  

5.2.4.2.5Results

Oneofthegoalsofthesimulationistodetermineifthepassivecontrolsystem,asinitiallydesigned,willperformasplanned. Ifthepassivecontrol
systemdoesperformasplannedthensimulationscanbeperformedtodeterminehowwellitworksunderavarietyofconditions.Ifitdoesnotperformas
plannedthensimulationscanberununderavarietyofconditionswiththegoalofmakingrecommendationsonhowtoimprovethepassivecontrolsystem
design.  If Spartnik performs as expected it should tumble about the y axis at a rate of 720 degrees per orbit or two complete tumbles per orbit.  The rotating
framewillcompleteonerevolutionperorbit. Therefore,Spartnikshouldcompleteonetumbleperorbitwith respect to therotatingframe. All
simulationswererunoverahalfofanorbit,beginningovertheNorthPoleandendingneartheSouthPole.Thus,Spartnikshouldtumble(pitch)through90
degreesinaquarterorbit. Thespinrate(yaw)shouldbeconstantandreflectedintheoutputasalineofconstant,increasingslopeequaltothespinrate.As
describedearlierthepitchoffset(θ)ofthebodyframewithrespecttotherotatingframeislimitedtotherange-90°to+90°. However,overahalforbit,
Spartnik should pitch through 180 degrees. Therefore, in order to describe orientations of the satellite when it has "tumbled" through more than 90 degrees, a
180degreechangeinroll(φ)iskineticallyrequired.Whenthis180degreechangeinφoccurs,attheequator,qwillreach90degreesandthen"rebound,"
rising back to zero. 

Withtheequationsofmotionandtheexternalmomentsdefined,theMATLABprogramwasrunthroughaseriesofverificationchecksto
makesuretheprogramwasworkingcorrectlyandfreeofbugs. Asstatedearlier,initiallythesimulationwasrunusingode23withatoleranceof1x10- 6 .
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- 1 2 . 
Althoughitispossibletolowerthetoleranceevenmore,theauthorsfeltthatthismightinduceround-offerrorsthatcouldsignificantlychangetheresultsdueto
the low step size.  All results discussed below were computed using ode45 with a tolerance setting of 1x10- 1 2 .

5.2.4.2.5.1Program Verification

Twosimulationswereruninordertoverifytheprogramwasworkingcorrectly. Thefirstinvolvedsettingtheinitialspinrateandmagnetstrengths
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tozero. ThishastheeffectofsimulatingSpartnikasinertiallypointedinspace. WithnoexternaltorquesSpartnikshouldremaininertiallypointed. Allinitial

conditions for this simulation were set to zero (i.e. wx  = 0.0, wy  = 0.0, wz  = 0.0, 
&φ = 0.0, &θ  = 0.0, &ψ = 0.0). 

TheresultsconfirmthatSpartnikremains inertiallypointedthroughoutthe simulation. Therotatingframe,however,doesnotremaininertially
pointedandrotatesasSpartnikmovesalongitsorbitwithaspeedequaltothemeanmotionalongthenegativeydirection. Therefore,Spartnikwillappear
to rotate along the positive y direction with respect to the rotating frame.  

Thesecondverificationinvolvedsettingthemagnetstrengthtoitsinitialvaluesasdeterminedbytheoriginalcontrolsystemdesign. Thisinvolved
twomagnetswhosecombinedmagneticdipoleisequalto5.2x103 EMU. Allotherinitialconditions,includingspinrate,weresettozero(i.e.wx =0.0,

wy  = 0.0, wz  = 0.0, 
&φ = 0.0, &θ  = 0.0, &ψ = 0.0). 

Theexpected90degreetumbleoveraquarterorbitabouttheyaxiswasconfirmed.Theyawisnearlyzeroformostoftheorbit,asexpected
anddesired. Theoffsetfromthelocalmagneticfieldvector,isameasureofhowwellSpartnikis“locked”ontotheEarth’smagneticfield. Testsshowed
that, although it wobbles a bit, the offset from the Earth’s magnetic field remains small.  The 180 degree change in roll, occurs when pitch reaches 90 degrees.
This change occurs near the equator and after this point pitch (θ) begins to increase and roll (φ) remains constant at -180 degrees.

5.2.4.2.5.2Gyroscopic Effect Simulations

Withthesimulationworkingasexpecteditwasdeterminedtoinvestigatethegyroscopiceffectanddetermineifthecontrolsystem,asdesigned,

wouldperformasdesired.Thenextsimulationperformedinvolvedsettingthespinrateabouttheb3 axisto0.5revolutionsperminute( &θ =0.05236
radians/sec,allotherszero)andmagnetstrengthof5.2x103 EMU. Theseconditionsrepresent thesteadystateconditionsthataredesiredinorbitwiththe
current control system.  

Spartnikdoesnot tumblethedesired90degreesinaquarterorbit. TheoffsetfromtheEarth’smagneticfield,growsunacceptablyhigh. By
theendofaquarterorbittheoffsetisover25degrees.ThisindicatesthatthegyroscopiceffectispreventingSpartnikfromlockingontotheEarth’smagnetic
field and therefore not tumbling the desired amount.

Thenextseriesofsimulationscontinuedtheinvestigationofthegyroscopiceffect.Theresultsindicatethatthemagnetsareeithertooweaktolock
SpartnikontotheEarth’smagneticfield,thesatelliteisspinningtoofast,or,moreprobably,acombinationofthetwo. Althoughsimulationswererunovera
half orbit,thenumberofdegreestumbledinaquarter orbitwillbeusedasthetestforhowwellthesystembehaves. Thisisduetothecomplex
motioninpitchandroll. Recall,thepitchshouldtumblethroughnear90degreesoveraquarterorbitandthen"rebound". Overthenextfewsimulationsthe
spinratewasloweredincrementallyuntilthemagnetswereabletotumblethesatelliteover90degreesinaquarterorbit.Theresultsofthesesimulationsare
summarized in the following paragraph.

Forspinratesbelow0.2revolutionsperminute,thesatellitetumblesthedesiredamount. Remember,becauseSpartnikmaynotbeperfectly
"locked"ontotheEarth'smagneticfieldthesatellitemaynottumblethroughthecomplete90degreesinaquarterorbit.Thetotalnumberofdegreesmaybe
lessthan90iftheoffsetfromtheEarth'smagneticfieldislarge.NeverthelessanoffsetfromtheEarth'smagneticfieldofunder10degreesisacceptablefor
Spartnik.So,ifthesatellitetumblesthroughapproximately80degreesinaquarterorbititisassumedthepassivecontrolsystemisworkingcorrectly. At0.2
revs/min the maximum offset from the Earth’s magnetic field was 19 degrees.  

5.2.4.2.5.3Magnet Strength Simulations

Thenextseriesofsimulationsinvolvedinvestigatingthestrengthofthemagnetsandtheireffectoncontrolsystemperformance. Eightsimulations
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.  

Results show that a total magnetic dipole of 1.04x104  EMU is required in order to overcome the gyroscopic effect induced by the 0.5 min/rev
spinandcauseSpartniktotumbleasdesired. ThemaximumoffsetfromtheEarth’smagneticfieldvectorwas12degreesatthismagneticdipolestrength.
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OneinterestingeffectofincreasedmagneticdipolewasanoscillationoftheoffsetanglefromtheEarth’smagneticfield. Becausethemagneticdipoleisso
stronganyoffsetfromtheEarth’smagneticfieldwillcausearelativelylargetorquewhich,inturn,willquicklyrotatethesatelliteinthedirectionofthefieldvector.
The stronger the magnets the higher frequency this oscillation became.

5.2.4.2.5.4Moments of Inertia Simulations

Thefinalseriesofsimulationsinvolvedchangingthemomentsofinertiainordertodeterminewhateffectthiswouldhaveontheperformanceof
thecontrolsystem. ThecurrentdesignofSpartnikcallsforballast,intheformofmetalplates,tobeaddedtotheoutershellofSpartnikinordertomakeIz z

thelargestmomentofinertia.However,theamountofballasthasyettobedetermined.Byvaryingthemomentsofinertiathesimulationcanprovidesome
insightintotheamountofballastrequiredforoptimalperformanceofthecontrolsystemunderavarietyofconditions. Momentsofinertiaarealsodifficultto
determine precisely so information on how any possible errors in their calculation will affect the control system is also important.

Duringthisseriesofsimulationsthespinratewassetat0.5revolutionsperminuteandthemagnetdipolestrengthat5.2x103 EMUs. The
momentofinertiaabout thezaxis (Iz z )wasincrementallydecreasedfrom0.331646kg-m2 , correspondingto1.4 timesIy y , to0.23689kg-m2

corresponding to 1.1 times Iy y .  Ix x  and Iy y  were held constant.
AsIz z decreases,itisexpectedthatthegyroscopicstiffnessofthesystemshouldalsodecreaseandtheperformanceofthemagnetsandthe

systemasawholeshouldincrease.Fromtheresultsofthissimulationthisappearstobehappening. However,Spartnikneverachievesthedesiredtumble
of90degreesoveraquarterorbit. Varyingthemomentsofinertiadoesnothaveasstronganeffectontheperformanceofthecontrolsystemasdoes
varyingthemagnetstrengthorthespinrate. However,thesesimulationsprovideusefulinformationthatwillbeneededwhenselectingthefinaldesignofthe
passive control system.

5.2.4.2.5.5Modified Control System Design

TheresultsofthesimulationsraiseconcernsaboutthecurrentcontrolsystemdesignforSpartnik.However,theyalsoprovidesomeinsightinto
whatchangesarenecessarytoimprovethecontrolsystemandmakeitmorerobust. Thethreeparameters,spinrate,momentsofinertia,andmagnet
dipolestrength,allinteractandmakefindingasimplesolutionforthecontrolsystemdifficult. Themostdifficultoftheseparameterstocontrolisthespinrate.
Thefactorsthatdeterminespinrate,namely:areaofsolarpressurepaddles,differenceinreflectanceofbothsides,amountandsizeofhysteresisrods,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
magnetstrengthandmomentsofinertiatosuitawiderangeofpossiblespinrates. Anyresultsgainedbythesesimulationsthatwoulddeterminemagnet
strengthandmomentsofinertiamustbecheckedagainstothersubsystems.Ifthemagnetsaremadetoostrongtheycaninterferewithcomputermemory
and possibly communications.  The addition of mass along the outer shell of Spartnik must be checked for size constraints.

Takingtheabovefactorsintoaccount,anewcontrolsystemwasdesignedforSpartnik.Thenewdesignwasdrivenbyaneedtoovercome
thegyroscopiceffectwhilenotknowingpreciselywhatthefinalspinrateofSpartnikwillbe.Therefore,everyeffortwasmadetochangethedesigntolower
thegyroscopicstiffness. Specifically,thenumberofmagnetswasincreasedfrom2to8magnets,increasingthetotalmagneticdipolefrom5.2x103 EMU
to2.8x104 EMU. Themomentofinertiaaboutthez-axiswasloweredfromanestimateof1.5timesIy y to1.1timesIy y .Aconservativeestimateof
thenewspinrateis0.4rev/min,downfrom0.5rev/min. Theresultsofthisnewcontrolsystemdesignoverahalforbit,fora1000kmaltitude,showthat
Spartnik tumbles through 90 degrees and then “rebounds” back towards zero.  The offset from the Earth’s magnetic field vector remains close to zero over
theentiresimulation,indicatingthatSpartnik is“locked”ontothe Earth’smagneticfield. Finally,yremains closetozerowhenSpartnikisinthe northern
hemisphere. Whenqreaches90°,ydropsto-180°andremainstherefortheremainderofthesimulation. Therefore,thiscontrolsystemdesignmeetsall
the design requirements.

5.2.4.2.6Conclusion

Allthesimulationsdescribedabovewererunatanaltitudeof1000kmandinapolarorbit.SincetheactualorbitofSpartnikmaybelowerthan
1000kmtheperformanceofthemodifiedcontrolsystematloweraltitudesisalsoneeded. However,sincethemagneticfielddropsoffwithaltitude,one
can assume that if the control system performs adequately at 1000 km, it will perform well at lower altitude.

Additionally, it must be remembered that any results gained by this simulation are just that, a simulation of reality.  When Spartnik is in orbit there will
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bemanymoretorquespresent,includingsolarpressureandgravitygradienttorques. Inaddition,therewillbedissipativeforcesthatwerenotincludedinthe
simulation,includingthe hysteresisrodsandthenutationdamper;thesewillaidinthestabilizationofSpartnik. Theseadditionaleffectswereunable tobe
includedinthismodelduetotimelimitations.Asmentionedearlier,themagnitudesofthetorquesdescribedabovewillbeordersofmagnitudelessthanthat
ofthemagnetsinteractionwiththeEarth'smagneticfield. However,theirultimateeffectonthecontrolsystemwillbeseenwhenSpartnikislaunchedinto
orbit. 

5.3Construction and Assembly

ThefollowingfigureshowsthecorrespondingplacementforallofADCScomponents. Aconstructionprocedurewillfollowexplaining,ata
high level, how to proceed in building the different components. 

Figure 5-15 Placement of ADCS Hardware Components

5.3.1Permanent Magnets
1. Construction does not apply for the permanent magnets but they must be integrated into SPARTNIK
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2. The magnets will be placed into SPARTNIK’s honeycomb side panels. 
3. Panels must be opposite-facing
4. Magnets are pressed into triangular shaped section between honeycomb side panels, making sure that the poles are facing the correct

direction.
5. Magnets’ South poles face the +Z face, this is to insure the +Z face of spacecraft to be pointing towards the earth while orbiting on the

northern hemisphere.
6. Once the magnets are inserted apply adhesive around magnet and let dry.

1. Notation Damper
1. Attach one side of the pressure seal as described below.
2. Place crimp bolt over one end of tubing.  May have to work it down the tubing as it will be a tight fit.
3. Place washer over tubing.
4. Place fairing over tubing with narrow end in the direction of the cut end of the tubing.  Make end of fairing flush with the end of tubing.
5. Attach connector to crimp bolt and finger tighten.
6. Bend tubing into circular shape, add oil, and repeat steps 2 through 5 for other crimp bolt.
7. After bolts are finger tightened, attempt to line up faces of connector and crimp bolts.
8. Turn both crimp bolts one additional face to tighten and crimp the fairing to the tubing.

9. Infrared Sensors
1. Construction of the infrared sensors does not apply here.
2. Obtain two infrared sensors from Radio Shack (part # 276-145).
3. Insert sensors into the provided holes in the +Z face of the satellite.  Make sure to insert  them from the inside of the satellite.
4. Add adhesive and let dry.
5. Connect their leads to the respective wires provided by the power subsystem.
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6. Testing  

5.4.1Infrared Sensors

Asmentionedearliertheprimaryfunctionoftheinfraredsensorsistodetectwhenthetop(+Z)faceofSPARTNIKispointedtowardsthe
Earth.  A preliminary test was conducted to determine the aperture of the sensors.  The results of this test indicated that the sensor's field of view was so broad
that the sensors will register an “on” reading possibly while detecting more than just the Earth.  The results of this test are shown in Figure 5-16.
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Figure 5-16 Infrared Detector Field of View

Fromthisgraphitisevidentthatmountingconsiderationshadtobelookedatcarefullytolimitthefieldofviewofthedetectorsandadditional
testingwasneeded. Toobtainbetterresults,thesensorsweretestedina"mock-up"modelofSPARTNIKwherethedetectorswereplacedintothe
structurewithanapertureof5.5mmindiameter.Figure5-17showsthatthesensorsoutputwillallowforbinaryonandoffreadingsbutthefieldofviewisstill
too large and may give erroneous readings which may indicate Earth pointing.  Alternate positioning of the sensor, such as recessing the detector further back
into the aperture, gave similar results and did not narrow the detector's field of view.
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Figure 5-17 Infrared Detector Field of View (5.5 mm aperture)

Thenextsetoftestsincludedlimitingthefieldofviewthesensorsamplesthroughthetopfaceofthespacecraft.Thiswasdonebydecreasingthe
diameteroftheapertureto2mmand1.6mm. Theresultsfrombothtestcasesallowedthesensortotakeonandoffreadingswhilenarrowingthefieldof
viewofeachdetector. Figure5-18andFigure5-19showthesensorsfieldofviewtotalingapproximately40degrees. Itisreasonabletoassumethatwith
the sensors mounted in this way, the Earth will be the only body able to cause a maximum output from both detectors simultaneously.  
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Figure 5-18 Infrared Detector Field of View (2 mm aperture)
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Figure 5-19 Infrared Detector Field of View (1.6 mm aperture)

5.4.2Hysteresis bar testing
As of the end of the 2001-2002 school year experimental testing of the hysteresis bars is incomplete, when the work is written up in a final form it

will be appended here as well as with in the 'big book.' 

5.4.3Attitude Determination Algorithm Status

TheattitudedeterminationalgorithmhasbeencodedinClanguageforuseatthegroundstation. Alistingofthesourcecodeisintheappendix.
Theprogramcurrentlyobtainsavectorfromthesatellitebodyfixedframetothesunbyusingstatisticalanalysisofcurrentreadingsobtainedfromthesolar
arrays. ItalsocalculatestheEarth’spositionwithrespecttotheSun,givendateandtimeinformation. ThealgorithmcalculatestheEarth’scurrentorbital
elements.  These elements are used to calculate a vector from the Earth to the Sun.  The algorithm also transforms this vector into the local vertical frame of the
satellite given current position information.  This gives us two sun vectors in different frames, which can be compared to obtain Euler angles.

Wewillneedtocalculatethesatellite’sorbitalelementsfrominformationprovidedbyNORAD. Thealgorithmiscapableofautonomously
calibrating itself daily.  This is accomplished by taking a time history of daily maximum current outputs from the solar arrays.  These values are reset daily using a
onedayserviceroutine. Valuesfromthepreviousdaywillbeusedasthepresentcalibrationfactor. Thisautonomouscalibrationwillallowforadverse
effects, such as cell degradation.

Theattitudedeterminationalgorithmhasbeentestedtoshowthatsamplecurrentreadings matchwellwithexpectedsunvectororientation.
Also,foragivendateandtime,thealgorithmcalculatesorbitalelementsoftheEarthaswellastheEarth-Sunvectorthatcomparenicelywithvaluesgivenin
thecurrentAstronomicalAlmanac8 .ThealgorithmalsocalculatesJuliandatefromstandarddateandtime.Thisalsohasbeenshowntobeveryaccurate.
Some examples of the attitude determination program test cases are shown in Table 5-4.  The first and second columns show the calendar and Julian dates
usedinthecalculation. ThethirdandfourthcolumnslisttheMeanLongitudeandMeanAnomalyoftheEarthwithrespecttotheSunintheinertialframe.
The last three columns show the X, Y, and Z components of the vector from the Earth center to the Sun center, in the Earth fixed reference frame.

Samplecurrentsensordata,usedtotestoutputofthealgorithm,isdevelopedbyacosinerelationshipofthevariationofoutputwithrespectto
incidenceangle. Thecurrentreadingsfromthesolarpanelswillbecalibratedonboardthespacecraft,thusgivingnormalizedvaluesbetweenoneandzero
foroutputmagnitude.Readingsof1.0willcorrespondtothemaximumcurrentoutputgeneratedduringthepreviousdayforthatparticularsolarpaneland
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thus an incidence perpendicular to the solar array.  Sensors that are shadowed from the sun are given a zero value.
Byeditingthe headerfile thatcontains the solarpanelcurrent data (sendat.h), the current valuesforeachsolarpanelwasenteredfor a

correspondingexpectedvalueofTheta.WiththevalueofPhibeingheldconstantat90°,theexpectedvalueswerecomparedwiththeactualoutputofthe
algorithm.  Theta was calculated to within 5 percent of the actual values.

OncetheexpectedvaluesofThetawereverified,thevaluesforPhiwerevariedtodeterminethecorrelationbetweenthecombinedvaluesfor
ThetaandPhi,andtheresultingcurrentvaluesforthesensors. Itwasfoundthatthetestvaluesusedwereaccuratetowithin5percentaswell. Theonly
instancesinwhichthealgorithmwillnotcomputeThetaandPhiwasdeterminedtobewhenthesunvectorisnormaltooneofthefacesofthespacecraft.
Thissituationcausesthe currentvaluesforcalculatingThetatobepresent inonlythreepanels(ie.Theta=0°,45°,90°,...) Inthissituation, thealgorithm
displaysanerrorinusingthearcsinfunction.ThealgorithmdoescompileforthosecertainvaluesofThetawhenPhiissettothefollowingvalues:0°,30°,45°,
60°, and 90°.  The algorithm is now being looked at by the software sub-system in order to determine the cause of this error.

Sample Current Sensor Data ( Normalized )
AMPS11= .7128,AMPS12= .3528,AMPS21= .504,AMPS22= .252,AMPS31=0.0,AMPS32=0.0,AMPS41=0.0,
AMPS42=0.0,AMPS51=0.0,AMPS52=0.0, AMPS61=0.0,AMPS62=0.0,AMPS71=0.0,AMPS72=0.0,AMPS81=
0.504,    AMPS82 = 0.252, AMPS91 = .70, AMPS92 = .35, AMPS101 = 0.0, AMPS102 = 0.0 };
ALGORITHM OUTPUT:
PANEL#1: angle1: 86.49   angle2: 93.51
PANEL#2: angle1: 359.89 angle2: 90.11
PANEL#8: angle1: 89.89   angle2: 180.11
ALGORITHM OUTPUT:
theta = 90.00 phi = 45.57   x = 0.00000 y = 0.714143 z = 0.700000

Table 5-4 Comparison Data for ADCS Algorithm

DATE Julian Date Mean
Longitude

Mean
Anomaly

X Y Z

Almanac Jan 03, 1995 2449720.5 102.223 359.331 -0.2078 0.8818 0.3823

Algorithm Jan 03, 1995 2449720.5 102.152 359.300 -0.2066 0.8820 0.3824

Almanac July 22, 1995 2449920.5 299.342 196.350 0.4897 -0.8168 -0.3541
Algorithm July 22, 1995 2449920.5 299.281 196.420 0.4887 -0.8172 -0.3543

Theattitudedeterminationprogramcanbeexpandedupontoincludethepredictionoforbitalelementsofthe satellite. Itcould alsoinclude
information about the Earth’s magnetic field for prediction of the orientation of the spacecraft’s magnetic dipole.
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5.5Operations

5.5.1Definition Of ADCS Control Modes

SPARTNIK'sADCSsubsystemisdesignedtooperateundervarious controlmodes. ForSPARTNIK,thesearedividedintothe
following categories; orbit insertion, acquisition, normal/on-station, slew, and contingency or safe.  

5.5.1.1Orbit Insertion

Thisistheperiodduringwhichthespacecrafthasleftthelaunchvehicleandisbroughtintoitsfinalorbit. Onmoretraditionalmissions,thismode
hasactuationoptionswhichincludenocontrol,spinstabilization,andfull3-axiscontrol. SincetheSPARTNIKprojectinvolveslaunchingasasecondary
payload on any number of launch vehicles, the final orbit is not yet determined.

Atthistime,beingunsureofthefinalorbitintowhichwewillbelaunchedhasplacedanextensiverequirementontheADCSsub-system.
Uncertaintyinthefinalorbitrequiresthedesignofasystemthatcanbeusedinarangeoforbits,orcanbetailored,withminorchanges,tofitthefinalorbit.
SPARTNIK’s final orbit will be totally launch vehicle dependent.

5.5.1.2Initial Acquisition

Thismodeinvolvestheinitialstabilizationandattitudedeterminationofthespacecraft. Theworstpossiblecaseofinitialtip-offratesforSPARTNIK,
afterseparationbasedoninformationfromindustrymentors, isassumedtobeashighas5°/sec. Initialstabilizationwillbeofprimaryimportancetothe
success of this project.  Requirements include:  Arresitng of tip-off rates induced from the launch vehicle release mechanism, and obtaining the intitial spacecraft
attitude determination.

5.5.1.3Normal/On-Station

On-stationwillbe themodeinwhichthe spacecraftwilloperatethroughoutmostofitslifetime. SPARTNIK willoperateintheon-station
modeforthemajorityofitstwoyearpredictedlifetime. The followingrequirementshavebeenthedrivingforceinthisdesign:knowledgeoftheCCD
orientationwitha5-10ºaccuracy,includingdeterminationanderrors,knowledgeoftheorientationoftheMicro-MeteoriteImpactDetector(MMI)within
5-10º, and the use of Earth horizon sensors to allow for the CCD to take photographs of Earth.  

5.5.1.4Slew

Thismoderequiresthatthespacecraftbereorientedasneeded. Ithasbeendeterminedthattheabilitytochangethespacecraftorientation
manually would be of interest to our payload sub-system for obtaining a wider variety of CCD images.  SPARTNIK’s passive control system is unable to
incorporate this ability, but preliminary research into an active control system has been done to show that this capability can be integrated into future projects.

5.5.1.5Contingency Or Safe

Thismodeisusedincaseofemergencyorprimarycontrolsystemfailure. Thismodecouldpotentiallyconsistofasystemthatrequiresless
powerthantheprimarycontrolsystemorbecompletelyseparatefromthemainsystem. SPARTNIKhasnoalternatecontrolsystemforstabilizingthe
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spacecraft.  The attitude determination portion of this sub-system, on the other hand, does utilize redundant systems.  

5.5.2ADCS Mission Procedures

TheADCSmissionobjectiveforSPARTNIKwillbetomeasureandcalculateanyattitudeorbodyaxisratesofthesatellite,atdifferentstages
initsmissionlife,andtopredict,usingdataandcomputersimulation,futureattitudeandbodyaxisrates. Byenablingthegroundstationtocalculatethese
occurrences,wecandetermineattitudeandpredictwhentotakepicturesforbestresults. Oncethespacecraftisplacedintoitsorbit,itwillbenecessaryfor
thespacecrafttoreachitsprescribedtwotumblesperorbitrateanditsestimated2.5minutesperrevolutionspinrate.Tounderstandhowthespacecraftwill
function while in orbit, several factors must be considered.  These factors include Initial Attitude Acquisition, an on orbit duty cycle, and contingency operation.

5.5.2.1Initial Attitude Acquisition

TheInitialAttitudeAcquisitionrequiresamajorityoftheADCSsubsystemfocus,sinceitisthefirstandmostimportantstagetobeexperienced
bySPARTNIK.Thisacquisitionreferstoproceduresthatwillbefollowedoncethesatelliteisplacedintoorbit.Sincethesatellitewillhaveanundetermined
attitudeandunknownbodyaxisratesonceejectedfromthelaunchvehicle,itisnecessarytoprovideaccuratemeasurementsofthesevaluesinorderto
determine if SPARTNIK’s passive control system is functioning as desired.

ThefirstproceduretobeperformedisdeterminingtheADCSsub-systemstatus. Thisprocedurewillbasicallyobtainahealthstatusfromall
ADCS components and related sensors.  It is important to determine whether we are receiving any information recorded by our sensors.  Sensor readings
fromthesolarpanels andEarthhorizonsensorswillassistADCSindeterminingSPARTNIK'sattitudeandtip-offratesfromthelaunchvehicle. The
conversionofADCSsensorreadingsintoattitudereadingswillbecoveredbytheattitudedeterminationalgorithmdiscussedinthefollowingsection.Tip-off
ratesfromlaunchvehiclecanbeashighasfivedegreespersecond1 ;therefore,itisimperativethatwestabilizethebodyaxisratesofSPARTNIKtoan
acceptable rate. 

5.5.2.2Attitude Determination Algorithm

Theattitudedeterminationalgorithmisimportantforgatheringdataonactualspinandtumbleratesaswellasindicating whenthespacecraftwill
beinfavorableorientations forpicturetaking. Portionsoftheattitudedeterminationalgorithmwillbesplit betweenthe groundstationandthe onboard
SPARTNIKcomputers. Theinfraredsensorswillallowtheon-boardcomputertomakeautonomousdecisionsaboutwhenitispossibletotakeuseful
pictures.  Determining the attitude of the spacecraft will be done by combining readings from the solar panel current readings, and infrared radiation sensors.

Readings from the solar panel current sensors will be used to determine the direction of the sun vector to a reference frame fixed in the spacecraft.
Thesunvectorwilldeterminetwodegreesoforientationwithrespecttothesun,leavingonedegreeofuncertaintyaboutthesunvector. Thismeansthatthe
satellitecouldberotatedtoanyorientationaboutitssunvectorandstillreadoutthesamespacecraft-sunorientation. Thisthirddegreeoffreedomwillneedto
be resolved using another means of attitude determination.

Thethirddegreeoforientationcanbedeterminedineitheroftwoways:bypredictingthepositionofthespacecraftinorbit,orwithreadingsfrom
theIRsensors. Withknowledgeofthespacecraft'spositioninorbitusingorbitalequations,theinstantaneousmagneticfieldvectorcanbepredicted. The
SPARTNIKorbitalpositionwillbeuplinkedtothegroundstationcomputerfromKepleriandata,whichiseithercalculatedorobtainedfromNORAD.
Sinceoneaxisofthespacecraftwillbeheldnearthisdirectionbythepermanentbarmagnets,theonedegreeofuncertaintywillberesolved.Inaddition,the
IRsensorreadingswillindicatewhenthespacecraftisorientedtowardstheEarth. Thisdatawillalsobeusedtoresolvethethirddegreeoffreedomwhena
redundant attitude determination is requested.

Thesolarpanelcurrent datawillbetheprimarysourceofspinandtumblerates. Thisinformationwillbeusedtodetermineeffectivenessof
thermalenergydissipationaswellaspredictingEarthpointingdurationandactualmagneticfieldinteraction. Consideringatargetspinrateoftwominutesper
revolution,solarpanelcurrentdatawillbetakeneverythirtyseconds. Thissampleratewillbevariableuptoonereadingeveryfivesecondsforuseduring
initialattitudeacquisitiondeterminationandalsotocheckforfalserateinformationcausedbyaliasing. Eachofthespacecraft’ssolararraysiscomposedof
four strings of GaAs solar cells.  Two of these strings on each solar array will have the current monitored by the on-board computer.  This current data will be
used by the ADCS algorithm.  
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TheinfraredsensorreadingswillbetheprimarysourceofEarthpointingdetermination. Thecurrentreadingsfromthesolarpanelswillonlybe
usedwiththe attitudedeterminationalgorithmforredundancy,inordertoresolvethe thirddegreeoffreedom. Theresolutionwillbeobtainedbythe
knowledge of the spacecraft orbital position and the magnetic interaction between SPARTNIK and the Earth.

Thesunvectorwillbedeterminedusingsolarpanelcurrentreadingswithrespecttoreadingsfromothersolarpanels. Currentsensorswere
chosenovervoltagesensorsbecausevariationsincurrentoutputofthesolarpanelsaremoreresponsivetotheincidenceangleofalightsource. Thesolar
panel current readings follow a simple cosine law of current output magnitude with respect to incidence angle.

Figure5-20 showsthemethodinwhichthe Sunincidenceangleswillberelatedtoareferenceframefixedinthespacecraft. Theattitude
determinationalgorithmwillcallforcurrentreadingsfromallpanels,whichwilltranslatetoanglesfromthecalibratedcurvefitequation. Eachpanelwillbe
associated with a range of angles, which are measured with respect to the spacecraft fixed frame.  The side panel ranges are as follows:
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Table 5-5 Angle Range Designations by Panel

Angle Range
Panel 1: 0o - 180o

Panel 2: 315o - 135o

Panel 3: 270o - 90o

Panel 4: 225o - 45o

Panel 5: 180o - 0o

Panel 6: 135o - 315o

Panel 7: 90o - 270o

Panel 8: 45o - 225o

WhentheSunisincidentonthesidepanels,thesideswiththetopthreecurrentreadingscanbecompared. Eachsidepanelwillhavetwo
possibleanglesthatwouldgivethesamecurrentreading. Thisuncertaintycanberesolvedbycomparingreadingsfromadjacentpanels.Sincethesidesare
setwithappropriateranges,thetwoanglesthatmatchfromadjacentsideswilldeterminethetrueangle. Theanglebetweentheincidentsunvectoronthe
side panels and the x-axis will be theta (Θ).

Phi(Φ),theanglemeasuredfromthepositivez-axistothenegativez-axiswillbeeasiertodeterminebecauseitonlyrangesfrom0oto180o.
Thismeansthatforagivencurrentreadingtherecanbeonlyoneangle. Phiwillbecalculatedentirelyfromthecurrentreadingsofeitherthetoporbottom
panels.

Using theta and phi, a unit sun vector with respect to the spacecraft fixed frame can be calculated.  This is done simply by the following equations:

( ) ( )$ sin cosx = φφ θθ
 (Equation 5-25)

( ) ( )$ sin siny = φφ θθ
 (Equation 5-26)     

( )$ cosz = φφ   (Equation 5-27)

This Sun vector gives the spacecraft orientation with respect to the Sun, with only one degree on uncertainty.
InordertoknowthespacecraftorientationwithrespecttotheEarth,oneaxisofthespacecraftmustbedeterminedinanEarthfixedreference

frame. Thisisdonebyaligningthepermanentbarmagnetdipoleswiththespacecraft'spositivez-axis. Thesebarmagnetswillkeepthespacecraftspinaxis
closeto theorientationoftheEarth'smagnetic fieldvector. BecausepredictionoftheEarth'smagnetic fieldvectororientationispossible,the spacecraft
orientation with respect to the Earth will be determined about all three axes.

PredictionoftheEarth'smagneticfieldvectororientation,willrequireknowledgeofthespacecraft'spositioninorbit.Theonlypositioninformation
thatwillberequiredislatitude,longitude,andaltitude.Orbitalequationscanbeusedtopredictthesevaluesoverseveralorbitsbeforeupdatedelementscan
be acquired from NORAD.

Theattitudedeterminationalgorithmwillneedtobeabletosendandreceivesignalsfromthecameraaswellasthegroundstation. Allrawdata
read from the sensors will be sent to the ground station upon request for telemetry analysis.  IR sensors must be coordinated with the camera to ensure Earth
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pointing information is provided upon request by the camera or the ground station.

A high level outline of the algorithm is as follows:

1)  Take readings from all 20 solar panel current sensors.
2)  Execute panel health status report, flag erroneous readings to be ignored.

i) Compare current readings of sensors on same panel
ii) If %error between readings is greater than %10, flag error.
iii) Use readings from sensors with highest current magnitudes.

3)  Average sensor readings from each of ten panels to obtain panel current readings.
4)  Rank panels #1 - #8 (Side panels) from highest current magnitude to lowest.
5)  Verify that top three readings are from adjacent panels, if not flag error.

  i) Assign side with highest panel reading as the primary panel.
 ii) If second highest panel reading is adjacent to the primary panel assign it
      as the secondary panel.
iii) If it is not adjacent, flag error and disregard panel.
iv) Continue until three representative panels are chosen.

6)  Calculate theta (Θ) from top three panels and compare values.
  i) Calculate difference between top three panel readings and their
      corresponding opposite side panel readings. (i.e. Panel #1 - Panel #5).
 ii) Use normalized current value with curve-fit equation developed during
      calibration to calculate two corresponding incidence angles.
iii) Add appropriate angle to place particular panel angles within their defined

      output range. (i.e. panel #7 + 90o).
iv) Compare six angle values to determine true theta.

a)  Find the three panel angles with closest correlation.
b)  Calculate % error between three panel angles.
c)   If % error is large disregard angle, flag error.
d)   Set theta to average of remaining panel angles.

7)  Rank panels #9 & #10 (top & bottom panels), set largest reading as primary panel.
8) Calculate phi (Φ) from primary panel, using curve-fit equation.
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9)  Calculate sun unit vector in spacecraft frame using equations 5-26, 5-27, and 5-28 which are repeated here:

( ) ( )$ sin cosx = φφ θθ
 

( ) ( )$ sin siny = φφ θθ  

( )$ cosz = φφ

10)  Access orbital equation function to obtain current Earth with respect to the Sun vector.
       (i.e. Earth_Sun( DATE, TIME ) --> returns current vector).
11)  Set sun unit vector in spacecraft frame equal to Earth_Sun vector, solve for 
       transformation angles η, λ, and  β.
12)  Express satellite orientation in Earth inertial coordinates using transformation angles.
13)  Access orbital prediction function to find current latitude, longitude, and altitude.
       (i.e. Sat_Pos( DATE, TIME ) --> returns position information which is periodically updated
       by NORAD).
14)  Access magnetic field vector function to obtain local vector orientation.
       (i.e. Earth_Mag( LATITUDE ) --> returns local vector).
15)  Compare magnetic field vector to the satellite spin axis (z) vector.

 i)  Compare vectors to resolve quadrant uncertainty.
ii)  Take dot product of vectors to calculate nutation angle.

16)  Take readings from 2 infrared radiation sensors.
  i)  If both sensors register "on", set Earth Pointing == 1.
 ii)  If not, set Earth Pointing == 0.
iii)  Earth Pointing must be accessible by camera and ground station.

17)  Record and time stamp data collected for current program cycle.
18)  Down-link attitude data once per orbit or upon request.

Thealgorithmdescribedabovewillbecontainedatthegroundstation. Processingoftheinfraredsensorson-boardisnecessary, inorderto
communicate directly with the camera.  Spin and tumble rates will be processed on the ground.

5.5.2.2.1Current Sensors

The SPARTNIK micro-satellite will utilize the current readings from the solar arrays on the spacecraft sides panels #1 - #8 and on the top panel
#9andbottom#10. Thesereadingswillbeusedfordeterminingspacecraft'sattitudewithrespecttotheEarth. Thesecurrentreadings,coupledwiththe
time-of-illumination(TI)foreachpanel,willalsobeusedfordeterminingspacecraftpitch,roll,andyawrates. Itisnecessaryforeachindividualsolararrayto
be calibrated before launch to determine the output as a function of solar ray incidence, I=I(a).  Unfortunately, due to the delicate nature of the solar arrays, we
mustrelyoncalibrationdataperformedonSilicontestcellsratherthantheGalliumArsenideflightcells. TheGalliumArsenidecellswillbecalibratedatalater
date, when the actual flight model of the spacecraft is ready for construction.  The spacecraft attitude will be resolved as follows:

1)  The CPU will monitor solar array output and store data for future processing or forward the data for download to the ground station.

2) Fromthesolararraycurrentdata, allsideshavingazeroreadingwillbediscardedsincethisrequiresthatthereis littleorno illuminationofthatpanel.
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Therefore, it is known that the particular panel is facing away from the sun, relatively speaking.

3) Basedontheremainingdataandtheoriginalsolararraycalibrationdata,thebetaangle,oranglethesolarraymakeswiththepanel,canbedetermined.
Giventhatwedeterminethebetaanglewithrespecttothreeoftheeightsidespanelsofthespacecraft,theattitudeofthespacecraftwithrespecttotheEarth-
Sun vector can be resolved.

With additional information, the spacecraft pitch, roll, and yaw rates may also be determined as follows:

1)  The CPU will monitor the solar array current and the time of illumination for each panel.

2) Basedonthisdata,wewillbeabletoidentifyanypanel(s)thathaveconstantorrelativelyconstantoutputovertime.Wethencangetagoodideaof
whether the spacecraft is rotating about the axis perpendicular to these constant current panels.

3) Remainingdatawillallowustoresolvetheilluminationperiodsintorotationalrates. Additionally,flyingpermanentmagnetsaspartoftheattitudecontrol
systemwillcausethespacecrafttoalignwiththedipoleoftheEarth'smagneticfield.Thisalignmentwillassistwithreducingthepitchrateto2revolutions
per orbit, and will reduce the yaw rate as well.
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5.6Conclusion

Thealargepartofthedesign,analysisandconstructionoftheADCSsubsystemiscomplete. Thereare,however,afewmajorareasthatstill
needfurtherwork. First,theADCScomponentsneedtobeintegratedintotheflightvehicle. Themethodtoinstallmostofthecomponentshasbeen
completed by previous classes.

AninvestigationneedstobemadeintothepossibleaffectsofthenutationdamperonthespinrateofSpartnik. Itisthoughtthatwithoutthesolar
pressurepanelsconstantspinuptorquetheviscousforcesofthefluidmaycausethespacecrafttodespinovertime.Thefluidanalysisofthisproblemisvery
complex not only because the damper is only partly filled but also because Spartnik will be rotating in a complex manor.

WiththeremovaloftheHysteresisrodsand solarpressurepanelsanalternatespinmethoddesignneedstobefinalized. Currentlythe best
conceptistomodifythelaunchvehicleadaptortospinSparnikasitisreleased.ThisspincouldbegeneratedbynotonlycompressingtheLVAspringbut
also twisting it against fixed blocks mounted on the spacecraft and LVA.   

AlsoadeterminationneedstobefinishedusingtheMatlabsimulationcodetodeterminetheminimuminclinationthatwillresultinthetopplate
facing earth.  This is needed so that the camera will point towards the Earth.

Finally,theattitudedeterminationcodeneedstobecalibratedwiththesolararrayswhenthefinalflightmodelis fullyassembled. Theattitude
determination algorithm requires current readings from SPARTNIK’s solar arrays.  Therefore, the peak current generation for each solar array needs to be
determined.
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