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Equilibria of a Gyrostat with a Discrete Damper

Raph A. Sandfry

(ABSTRACT)

We investigate the relative equilibria of a gyrostat with a spring-mass-dashpot damper to gain new
insights into the dynamics of spin-stabilized satellites. The equations of motion are developed
using a Newton-Euler approach, resulting in equations in terms of system momenta and damper
variables. Linear and nonlinear stability methods produce stability conditions for smple spins
about the nominal principal axes. We use analytical and numerical methods to explore system
equilibria, including the bifurcations that occur for varying system parameters for varying rotor
momentum and damper parameters. The equations and bifurcationsfor zero rotor absolute angular
momentum are identical to those for arigid body with an identical damper. For the more general
case of non-zero rotor momentum, the bifurcations are complex structures that are perturbations
of the zero rotor momentum case. We examine the effects of spring stiffness, damper position, and
inertia properties on the global equilibria. Stable equilibria exist for many different spin axes, in-
cluding some that do not lie in the nominally principal planes. Some bifurcations identify regions
where ajump phenomenon is possible. We use Liapunov-Schmidt reduction to determine an ana-
lytic relationship between parameters to determine if the jump phenomenon occurs. Bifurcations
of thenominal gyrostat spin are characterized in parameter space using two-parameter continuation
and the Liapunov-Schmidt reduction technique. We quantify the effects of rotor or damper aign-
ment errors by adding small displacements to the alignment vectors, resulting in perturbations of
the bifurcationsfor the standard model. We apply the global bifurcation results to several practical
applications. We relate the general set of al possible equilibriato specific equilibriafor dual-spin
satelliteswith typical parameters. For systemswith tuned dampers, where the natural frequency of
the spring-mass-damper matches the gyrostat precession frequency, we show numerically and ana-
Iytically that the existence of certain equilibria are related to the damper tuning condition. Finaly,
the global equilibriaand bifurcations for varying rotor momentum provide a unique perspective on
the dynamics of ssmple rotor spin-up maneuvers.
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Chapter 1

Introduction

The gyrostat, consisting of a rigid body and a spinning rotor, is an important model for studying
the attitude dynamics of spin-stabilized satellites. The gyroscopic effects of the rotor can stabilize
the spin vector for otherwise unstable configurations. Energy dissipation playsa pivotal rolein the
stability of spin-stabilized satellites. Most research has focused on the directional stability of the
nominal spin axis, when the spin axis is aligned with the rotor spin axis. However, multiple equi-
libriaexist, including different types of stable equilibria. The number and stability of these steady
spins are significantly affected by system parameters, including the rotor momentum, damper pa-
rameters, and inertia properties. This dissertation produces a new, more complete perspective of
the possible relative equilibria of thisimportant model, and determines how the equilibria depend
on system parameters.

1.1 Obijective and Approach

This dissertation investigates the dynamics of a spinning, torque-free, satellite by studying a spe-
cific satellite model with energy dissipation. We seek a more complete understanding of the dy-
namics of a spinning rigid body with a single, axia rotor and energy dissipation provided by a
spring-mass-dashpot damper. Specifically, we apply numerical and analytical methods to investi-
gate the possible stationary spins and how the number and stability of these equilibria are affected
by changing certain key system parameters.

The model we study is shown in Fig. 1.1, consisting of arigid body, B, containing arigid axisym-
metric rotor, R, and a mass particle P, which is constrained to move along a line n fixed in 5.
A rigid body with damper is denoted B + P while the gyrostat with damper is B + R + P. The
body frame axes b; are system principal axes when P isin its undeformed position. The vector n
is paralel to by, which is the nominal spin axis for the spacecraft. The particle is connected to a
linear spring and a linear dashpot damper. The rotor spin axisisin the a direction, parallel to the
b; axisand in the same principal plane asP. All vectors and tensors are expressed with respect to

1
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Figure 1.1: Single-rotor axial gyrostat with aligned discrete damper and axisymmetric rotor.

the body frame. This configuration is a reasonable model for a spacecraft with a momentum wheel
and a “ball-in-tube” type damper. Depending on the location and size of the rotor relative to the
rigid body, this could also model a dual-spin satellite with damping on the platform. The damper
properties could also be adjusted to model a flexible appendage attached to the rigid body.

We develop the equations of motion using a Newton-Euler approach. After non-dimensionalizing
the equations, we first study the stability of simple spins about principal axes. Routh-Hurwitz sta-
bility criteriaare used in thelinear stability analysis, generating stability conditionsfor the nominal
spin axis. A non-linear, Liapunov-based approach is necessary to establish stability boundaries ex-
plicitly for all three ssimple spins.

We use numerical continuation techniques, primarily using the software package AUTO,?? to create
branches of equilibriain state-parameter space. These equilibria are presented on the momentum
sphere as well as in bifurcation diagrams. We consider the effects of damper parameters, rotor
momentum, and inertia properties on the global equilibriaand their stability. Using two-parameter
continuation and Liapunov-Schmidt reduction, key changes in the equilibria are determined both
analytically and numerically and presented in parameter space. We al so determine numerically the
effects of rotor or damper alignment errors by adding small perturbations to the model. Numerical
continuation then is applied to the perturbed model.
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1.2 Background

Energy dissipation plays a critical role in the asymptotic stability of spacecraft steady spins. In
1958 the United States launched Explorer |, and satellite engineers learned that the effect of en-
ergy dissipation cannot be ignored in the stability analysis of spinning satellites.*® Designers of
Explorer | applied the classic rigid body spin stability results—a spinning rigid body is stable for
spins about either amajor or minor axis. Explorer | was designed to spin about its minor axis, but
after about 90 minutesit wasin aflat spin about itsmajor axis. Likeall real systems, Explorer | was
not a rigid body, but instead had several means of dissipating energy including flexible antenna.
Following the Explorer | experience, engineers showed analytically that with energy dissipation,
or damping, an otherwise rigid spinning body is only stable when spinning about the major axis.

The “major axis rule” for rigid bodies is rather limiting for satellite designers. A relatively flat,
disk-shaped satellite required for stability does not efficiently use the space in a typical launch
vehicle fairing. However, engineers recognized fairly early that the addition of a spinning rotor
within the satellite could contain enough angular momentum to stabilize a satellite’s spin axis,
even for minor or intermediate axes.* This led to the development of dual-spin satellites, with
a relatively fast-spinning rotor and a slowly spinning platform. TACSAT | in 1969 was the first
demonstration of this concept. The large rotor spun about the system’s minor axis while keeping
the communication payload’'s antenna pointed at the Earth. Prior to launch, extensive analysis
and simulation of a gyrostat with damping was completed to ensure the stability of TACSAT 1. Its
on-orbit success validated the conclusion that the dual-spin concept could spin-stabilize a satellite
even about a minor axis.

Much of the original stability analysis for spinning bodies and gyrostats with damping was done
with approximate methods, generally referred to as energy-sink methods. The stability conclusions
from these methods are useful, but they often produce necessary but not sufficient stability criteria.
For precise stability criteria, the actual damping mechanism must be included in the system model.
Of course, this higher precision comes with the price of dealing with the additional degrees of
freedom needed to model the damper.

Almost al the work to date on this problem has centered on the stability of the nominal spin.
This spin axis is usually aligned with the rotor spin axis. However, many other equilibria are
possible for this system. Operational problems and environmental effects always pose the risk of
perturbing a satellite, perhaps severely, from its intended attitude. When perturbed, a torque-free
gyrostat with damping should eventually reach a stable, although possibly different, equilibrium
state. An understanding of all possible equilibrium states and their stability is an important step to
addressing these operational issues. The current work will investigate the system equilibria more
globally than previous efforts and create a more complete understanding of the system dynamics.

Understanding the dynamics of a specific satellite configuration is certainly useful, but of perhaps
greater interest is how these dynamics change when varying certain system parameters. Changing
the damper parameters, such as spring stiffness or damper location, can have significant effects
on the number of equilibria and their stability. Certain parameter values can possibly destabilize
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otherwise stable configurations. Also, the effect of varying the rotor momentum is of considerable
interest. Unlike damper parameters, rotor momentum may be easily varied even on-orbit. The set
of stable equilibria for increasing rotor momentum determines a possible path in state-space for
rotor spin-up, for sufficiently small rotor torques.

The effects of energy dissipation on rigid bodies and gyrostats are fundamental to the dynamics
of spinning satellites. Identifying the global steady motions of these models and how varying
parameters affect their equilibriaare key to fully understanding spin-stabilized satellite dynamics.

1.3 Summary of Contributions

This dissertation provides the first thorough description of the possible equilibria for a gyrostat
with a discrete damper. Whereas earlier works concentrated on the stability of the nominal spin,
this work establishes an extensive catalog of equilibria and their dependence on certain system
parameters. Many possible stable equilibria are identified other than the nominal spin, including
many previously undocumented steady spins corresponding to unique possible trap states.

Analytical stability analysisreveals explicit stability conditionsfor several important simple spins.
The previously known stability conditions for the nominal spin are put in a new context as bifur-
cation points of equilibriafor changing system parameters.

Some of the equilibriathat bifurcate from the nominal-spin state are represented in auseful, concise
manner in parameter space. Liapunov-Schmidt reduction allows the key nominal-spin bifurcation
point to be characterized analytically, which provides explicit conditions for predicting the onset
of ajump phenomenon. This technique produces a valuable design criteria for selecting damper
parameters to avoid the jump phenomenon.

An analysis of rotor or damper alignment errors identifies the effects on the global equilibria.
In general, these errors break certain symmetries and perturb previously symmetric equilibrium
structures. Specific typesof errors break specific pitchfork bifurcationsand create new asymmetric
branches of equilibria. The perturbed equilibria indicate that perturbing the rotor or damper axes
out of a principal plane can impart a coning motion to the intended nominal spin.

Finally, the vast class of possible equilibria, for a wide range of system parameters, is put in the
context of realistic dual-spin satellite parameters. Typical parameter values for current dual-spin
satellites produce relatively simple global equilibria. The global perspective of stable equilibria,
for varying rotor momentum, produces new insights into rotor spin-up dynamics. For typical
parameters, the spin-up dynamics are reasonably benign, but for off-design conditions the spin-
axis may take an unusual path in state space. In all cases, the stable, global equilibriafor varying
rotor momentum can approximately predict the system state trgjectories during rotor spin-up.
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1.4 Overview

In Ch. 2, we summarize previous research related to stability of spinning satellites. We include
results for both rigid bodies as well as satellites with rotors.

Chapter 3 develops the equations of motion using a Newton-Euler approach. The equations are
reduced using several simplifying assumptions, resulting in five first-order equations in terms of
system angular momentum and damper variables. However, the system is truly fourth-order due
to thefirst integral due to conserved angular momentum. A spherical-coordinate transformation is
proposed that reduces the equations to a system of four variables.

The stability conditions for the nominal spin axis are derived in Ch. 4. We also determine the
stability conditions for flat spins about the other two principal axes. Linear and nonlinear stability
methods produce explicit stability boundaries.

In Ch. 5, numerical continuation produces bifurcation diagrams for varying damper and rotor pa-
rameters. The effects of different inertia properties are also explored. We generate complete sets
of bifurcation results for each case considered. Selected results are in Ch. 5 whereas the complete
results are in the Appendices.

We present important bifurcations of equilibriain parameter space in Ch. 6. Two-parameter con-
tinuation produces branches of singular, turning points. Key transitions in types of equilibria are
explicitly determined using Liapunov-Schmidt reduction.

Chapter 7 considers the effects of alignment errors of the rotor or damper. Perturbations to the
alignment vectors are added to the system model. Numerical continuation produces the bifurcation
diagrams for the resulting equilibria.

Finally, Chapters 8 and 9 provide correlation of these results to real systems, followed by conclu-
sions and recommendations for further work.



Chapter 2

Literature Review

In this chapter we summarize the significant works related to satellite spin dynamics and stability.
We first review the results for spinning bodies with energy dissipation. Two methods of analyzing
energy dissipation are considered: a non-specific energy-sink and a discrete damper. We then
discuss the developments for dual-spin satellites with damping. Finally, we review works that
consider equilibria other than the nominal spin.

2.1 Spin-Stabilization With Energy Dissipation

Theinstability of Explorer | made engineersimmediately aware of the effects of energy dissipation
on satellite spin stability. The Explorer | instability was actually anticipated by Bracewell and Gar-
riott,** who recognized that with energy dissipation, an otherwise rigid body in torque-free motion
isdestined to spin about an axis of maximum inertia. Dr. Ronald Bracewell was aradio astronomer
at Stanford and had determined, using Sputnik’sradio signals, that the Soviet satellite was spinning
about an axis of symmetry. Using ideas from his understanding of rotational dynamics of galaxies,
he concluded that Sputnik must be spinning about its major axis. The key aspect of this condition
isthat it minimizes kinetic energy for a particular angular momentum value. Bracewell attempted
to contact the Explorer | designers to make sure they were aware of this effect, but the security
surrounding the project prevented any contact. Bracewell published his ideas with Owen Garriott
in September 1958, too late to help Explorer |. According to Likins,* an RCA engineer named
Vernon Landon preceded Bracewell by deducing the same major-axis spin criteriain early 1957.
Landon’s laboratory notes showed that he recognized that energy dissipation violates the assump-
tions behind the classic rigid-body results of Euler and Poinsot, resulting in an unstable minor-axis
spin. Unfortunately, Landon did not successfully publish until later. These conclusions were sup-
ported by Haseltine®? who also used energy arguments to deduce the instability of a minor-axis
spin for arigid body with energy dissipation.



Ralph A. Sandfry Chapter 2. Literature Review 7

2.1.1 Energy-Sink Methods

Satellite designers did not have rigorous methods of analyzing the stability of generic satellite
models, so analysts developed a class of approximate methods, known as energy-sink methods.
Bracewell derived his original conclusions from an energy-sink method.** Many other authors
also used these methods to gain insight into the required stability conditions for rigid bodies and
gyrostats with energy dissipation.* 9 10.12,32,36,42,45,47,52.66  Fndamental to these methods is the
energy-sink hypothesis which states that the kinetic energy of any real body is slowly dissipated
into heat energy. Also included in the hypothesisis the assumption that the dissipating motion is
sufficiently small so that the spacecraft has an essentially constant inertia ellipsoid. These meth-
ods often involve using solutions to related problems without damping to help approximate the
solutions for systems with damping. In specific cases (such as axisymmetric or asymmetric rigid
bodies) solutions exist for torque-free rigid bodies where energy is conserved. From the energy-
sink hypothesis, the rigid-body solutions are reasonabl e approximations to the solutions of the full
eguations with energy dissipation. Energy-sink methods often substitute these rigid-body solu-
tionsinto the compl ete equations with energy dissipation. The equations representing the internal
damping degrees of freedom can then be used to generate stability criteria or approximate energy
dissipation rates. While not rigorous, the stability conditionsfor these “ quasi-rigid” bodies provide
useful resultsfor satellite designers.

2.1.2 Specific Damping Devices

Whereas energy-sink methods provide useful general stability criteria, caution must be used in
applying these results. In his spacecraft attitude dynamics text, Hughes3* compared the stability
results of an energy-sink method to the results for a specific damper model, both applied to arigid
body. He uses an energy-sink analysis to confirm the major-axis rule for quasi-rigid bodies. He
also devel oped the equations of motion for arigid body with a spring-mass-damper. The stability
analysis of this specific model concludes that the major-axis spin may be de-stabilized by two
causes. 1) a sufficiently soft spring or 2) placing the damper too far from the spin axis. The
stability conclusions for arigid body with a spring-mass-damper were originaly derived using a
linearized analysis in 1976 by Sarychev and Sazonov.® Chinnery'® derived the same conditions
using a Liapunov analysis. The additional degrees of freedom of including the damper mechanism
in the model make analysis more cumbersome and the results less general, but the results are more
precise. The energy-sink methods provide useful general stability trends, but exact stability criteria
require analysis of specific damper mechanisms.

Researchers have studied the performance of different damper devices and configurations with
rigid bodies. Two major types of damping mechanisms that were modeled and analyzed include
spring-mass-dashpot dampers and viscous-ring nutation dampers. Schneider and Likins® stud-
ied the effectiveness of spring-mass-dashpot dampers in passively damping the coning motion of
spinning rigid bodies. They studied dampers mounted paralel and normal to the desired satellite
spin axis. The damper mounted parallel to the spin axis, sometimes called an axial damper in the
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literature, is excited by the precession, or coning motion of the symmetry axis about the inertialy
fixed angular momentum vector, and was therefore referred to as a precession damper. The damper
aligned normal to the spin axis, often referred to as a circumferential damper, is excited by nuta-
tion, or the nodding oscillation of the spin axis about its conical path, and was called a nutation
damper. Despite the more precise definitions of Schnieder and Likins, the term * nutation damper”
has been used throughout the literature for any device which damps coning motion. For stable,
spinning, asymmetric bodies either a precession or nutation damper attenuates both precession and
nutation. Schneider and Likins used an energy-sink method and numerical simulation to support
the conclusion that for any physically feasible spacecraft the precession damper dissipates more
energy per unit mass than the nutation damper for small coning angles. For larger coning angles
and certain rigid body asymmetries, nutation dampers have superior average energy dissipation
rates. In 1980 Cochran and Thompson?! re-examined the same problem as Schneider and Likins.
Using a different method for approximating the elliptic functions in the energy-sink method, they
validated the superiority of precession dampersfor small coning angles. Also, they achieved better
agreement with numerical simulation than Schneider and Likins for larger coning angles, where
nutation dampers had larger average dissipation rates.

Rings partially filled with viscous fluid have been used on satellites as nutation dampers. Carrier
and Miles were the first to examine a partialy filled viscous ring damper.'>%! They approached
the problem from a fluid mechanics standpoint and found that for small nutation angles the fluid
spreads out around the outer part of the ring. But for larger angles, gaps begin to appear in the
fluid and somewhere between 0.5°-1° the fluid behaves as arigid slug. Cartwright, Massingill, and
Trueblood treated the fluid as a rigid slug in their analysis of a spinning rigid body with a ring
damper.’® For spins about a body axis of symmetry, they identified two distinct motions which
they named the nutation-synchronous and spin-synchronous modes. For larger nutation angles
the slug moves within the ring roughly synchronous with the satellite precession. As damping
continues, nutation angle decreases until the spin-synchronous mode begins. Thismodeisroughly
synchronous with the satellite spin-rate and continues damping the nutation angle, although in an
oscillatory manner. Alfriend reexamined this problem and generated an approximate solution for
the nutation angle time history for both modes.2

In 1996, Chang, Liu, and Alfriend® studied the dynamics and stability of an inertially symmetric,
spinning, rigid body with a viscous-ring damper mounted normal to the spin axis. They found
three distinct equilibria: one corresponds to spins about the axis of symmetry and previously an-
alyzed,>*? and two correspond to spins about a transverse axis, with and without precession. In
examining the stability of these equilibria, the analysis was complicated by a persistent zero eigen-
value in the linearized equations. Therefore, linear stability analysis is inconclusive. They used
the non-linear equations directly by using center manifold theory to isolate the stable subspace and
determine stability of the flow in the center manifold. The equations for stability conditions and
the decay time constant for these equilibriawere generated explicitly.

Although much of the research has focused on partially-filled ring dampers, completely-filled ring
dampers aso dissipate energy and damp nutation. Bhuta and Koval investigated a completely-
filled viscous-ring damper with a spinning rigid-body.® The damping rate was not as high as for
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partially-filled ring dampers, but a completely-filled ring does not appreciably change the inertia
properties of the spacecraft.

Researchers have studied other damping device possibilities. Alper* and Bhuta and Koval® studied
damping of asymmetric rigid bodieswith two degree of freedom pendulum dampers. Other devices
considered include eddy current spherical magnetically anchored dampers,*° viscous spherical nu-
tation dampers,*> % and elastomer dampers.4

Whatever the means of energy dissipation, an otherwise rigid body with damping is stable only in
spins about a major axis. While this was satisfactory for many early satellites, the required oblate
shape was a design obstacle for satellite designers. Launch vehicle payload fairings constrained
the growing size of new communication satellites. A useful method of gyroscopically stabilizing
satellites with a spinning rotor led to the development of dual-spin satellites, which allows stable
minor-axis spins.

2.2 Dual-Spin Satellites

The idea of designing satellites with a spinning section and a despun, or slowly spinning, section
originated from the desire to use spin-stabilization on an earth-pointing satellite. Often the high
spin-rate section is referred to as the rotor while the slowly spinning section is called the platform.
This concept, later named “dual-spin,” was successfully demonstrated in 1962 by Ball Brothers
with the orbit of their OSO | satellite.*® However, OSO | spins about a principal axis of maximum
inertia. According to Flatley,?* Huston® was the first to publish, in 1963, the dual-spin principle
for gyroscopic stabilization in the open literature. However, since OSO | was launched in 1962
the concept obviously had earlier origins. Huston’s analysis did not include the effects of energy
dissipation.

The gyrostat model, consisting of a rigid-body satellite and a single rigid, axisymmetric, rotor
constrained to rotate about its symmetry axis, was studied extensively to understand the dynamics
of satellites with rotors. Development of the gyrostat equations of motion and stability analysis of
their equilibriaisincluded in the spacecraft attitude dynamicstext by Hughes.3* Ignoring damping,
the equations of motion for gyrostats have two well-known integrable cases. One case is for a
constant-speed rotor, often called a Kelvin gyrostat. The other isfor atorque-free rotor, referred to
as an apparent gyrostat. These solutions form the basis of a perturbation method used by Hall to
study spinup dynamics for gyrostats.?®

The energy dissipation lessons of Explorer | had been learned perhaps too well, and in the early
1960'sittle consideration was given to possi bl e stable minor-axis spin concepts. However, Vernon
Landon was aware that storing enough angular momentum in a rotor could overcome the minor-
axis spin instability, but his attempt to publish in 1962 was rejected.*® In 1964, along with Brian
Stewart, he published a paper showing stability criteriafor two co-axial axisymmetric bodies with
energy dissipation on one of the bodies.*? The model was rather restrictive, but the energy-sink
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approximation yielded an important result: the system could be stable in a minor-axis spin with
energy dissipation on the platform. Landon’s analysis did not allow for energy dissipation on both
the platform and rotor simultaneously. Landon noted that with a motor, a torque could be applied
to the rotor to keep the relative angular rate constant. He identified the motor as an energy source
or sink which must be accounted for in the analysis.

Independent of Landon and Stewart, Tony lorillo at Hughes also discovered that with energy dis-
sipation on the platform, a dual-spin satellite could be stable in spin about the minor axis.* lorillo
also used an energy-sink analysis to study a dual-spin configuration, but he included energy dissi-
pation on both the platform and rotor. He concluded that the spin axis can be stable provided the
energy dissipation of the platform was large enough relative to that of the rotor. lorillo’s work led
to the development of TACSAT 1, the first on-orbit demonstration in 1969 of Hughes' “Gyrostat”
satellite concept, what we usually refer to as a dual-spin satellite.

The term “dual-spin” originated with Peter Likins in his 1967 paper on the stability of a gyrostat
with damping.*® Likins work supported the Hughes' stability concept by performing two separate
analyses. First, he examined the full equations of a specific dual-spin satellite with a spring-mass-
dashpot damper on one of the bodies. The model he used consisted of an asymmetric platform and
an axisymmetric rotor. The damper was mounted on a principal axis and parallel to the satellite
spin axis. By applying Routh-Hurwitz stability criteria to the linearized equations of motion, he
found that damping on the platform can stabilize the attitude of a minor-axis spin. However, he
realized that any real system has some energy dissipation on both the platform and rotor. To
address thisissue, Likins next performed an energy-sink analysis on a quasi-rigid gyrostat: arigid
asymmetric body with rigid axisymmetric rotor with energy dissipation throughout. Although not
asrigorous as the previous study, the resulting stability conditions were similar to lorillo’s results.
For the special case of adespun platform, he found that damping on the platform is stabilizing, but
damping on the rotor is destabilizing if the rotor spin moment of inertiais less than the average
of the two platform transverse moments of inertia. This stability condition was later modified by
Spencer, who developed a more generalized condition in terms of time-varying quantities.%

In 1967 the U.S. Air Force sponsored a dual-spin satellite symposium.? Several of the previously
described works were presented. Also included were papers concerning:

e results of numerical simulations studies on stability of dual spin systems

interactions between pointing control system and nutation motion of dual-spin spacecraft

theory and design of nutation dampers

attitude control systems

specific spacecraft configurations

Although the general stability results for dual-spin satellites had been established, more work
went into examining energy dissipation on both the platform and rotor. Again, for precise sta-
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bility conclusions, specific damper mechanisms must be included in the model. For spring-mass-
dampers on both bodies, the resulting partially-linearized equations of motion contain periodic
coefficients. Mingori used Floquet theory to study the stability of such a model.>® Several other
researchers used various perturbation methods to approximate the dynamics and generate stability
conditions. 5 2449,58.67

Often the energy dissipation mechanism can not be easily modeled, particularly on the rotor, so
an energy-sink approach is used. Energy-sink methods are also used as a less complex approach
to obtaining stability information, although they may not be as precise. Many dual-spin satellites
are designed to maintain a constant rotor speed, using a motor and wheel-speed controller. Some
researchers questioned whether this energy addition invalidated energy-sink methods for these
applications.

2.2.1 Energy Sink Methods For Dual-Spin Satellites

A question over the applicability of energy-sink methods to systems with driven rotors was raised
by Kane and Levinson.®® They pointed out that systems such as those with constant-speed rotors
require a motor torque which adds energy to the system. These and other problems with energy
addition seem to violate the energy-sink hypothesisin that total energy is not decreasing. Never-
theless, many researchers have applied energy-sink methods to just such problems, 19:36:45.47.52.64
However, several researchers have shown that when properly used, energy-sink methods produce
accurate results even for driven rotors.

Cochran and Shu examined an axisymmetric dual-spin satellite with energy addition due to a
constant-speed rotor and energy dissipation provided by a spring-mass-dashpot damper.?® They
applied the generalized method of averaging, assuming asmall damper mass, as well as an energy-
sink method. By accounting for the contribution of the rotor torque to rotational kinetic energy, the
energy-sink method produced an average time rate of change of nutation angle which agreed well
with the generalized method of averaging and numerical simulation.

Ross al so showed that energy-sink methods were applicable even in problemswith adriven rotor. %
He showed that if the work done by the rotor torque is properly taken into account, as originally
prescribed by Landon and Stewart,*? the energy-sink methods still yield consistent results. He
suggested that since total energy could be added or removed by a motor, perhaps a better term was
“energy-state approximation” rather than an energy-sink. Ross aso showed that the system “core
energy,” as defined by Hubert,3 was the more meaningful energy term to consider in energy-sink
anaysis. Hubert defined core energy as the potential energy and rotational kinetic energy of a
fictitious body, with the inertia properties of the entire gyrostat, that has the angular velocity of
the platform. Ross ignored any flexibility contributions and therefore dealt with just the kinetic
energy. Hubert contended that core energy was the correct energy-sink parameter in that it was
always decreasing, even for driven rotors. Ross showed that this was not always true, as in the
case of sufficiently rapid rotor despin. However, the derived relationship between core energy and
energy dissipation can assist in damper design. Ross later devel oped a stability condition in terms
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of core energy for the case when the platform and rotor are quasi-rigid.>” He also showed that
the original Landon-lorillo stability criterion produce accurate results even for cases with driven
rotors.

Energy-sink methods are still applicable to dual-spin satellites, even for systems with driven ro-
tors. Like with rigid (or quasi-rigid) bodies, more accurate stability boundaries are possibleif the
damping mechanism isincluded in the gyrostat model.

2.2.2 Specific Damping Devices for Dual-Spin Satellites

Aswith damped spin-stabilized satellites, energy-sink methods provide useful stability guidelines,
but precise stability information requires analysis of specific damping devices.

Some of the same damping devices and configurations used for spinning (single-spin) satellites
also were proposed for dual-spin satellites. In addition to the spring-mass-dampers previously
discussed, other damper modelswere also examined for dual-spin satellites. Bainum, Feuchsel and
Mackison studied dual-spin satellite stability with a pendulum-type spring-damper with torsional
stiffness and damping.” The pendulum was mounted on the platform and moved in a plane normal
to the nominal spin axis. The rotor had constant speed and its axis was parallél to the satellite
spin axis. The resulting equations of motion were linearized about the nominal spin condition and
Routh-Hurwitz criteria were applied to obtain the stability conditions. They examined variations
in damper parameters and their effects on the damping time constant. Numerical studies showed
considerable degradation in nutational damping performance for dynamic mass unbalance of the
main body.

Other damping devices proposed for dual-spin satellites included a four-mass nutation damper
with torsional damping and restoring force.®* Symmetrically configured about the mass center,
the damper motion did not vary the inertia properties. Alfriend and Hubert examined a dual-spin
satellite with a partially-filled ring damper on the rotor and a spring-mass-damper on the platform.3
They used approximate equations of motion to devel op time constants and stability conditions.

Specific results were obtained for particular damper mechanisms and configurations. Most of this
work focused on stability of the nominal spin for satellites with linear damper forces. However,
some researchers considered other aspects of dual-spin satellite dynamics.

2.2.3 Other Developments

Research of the damped dual-spin satellite model has branched into several other areas. Although
many researchers have used a linear spring-mass-dashpot damper model, with linear spring force
and damping, severa researchers studied the effects of non-linear damper forces. Likins, Mingori,
and Tseng*"®2 found that with a non-linear spring force or non-linear damping, adual-spin satellite
can produce stable limit cycles, precessing about the nominal spin axis. This behavior was impor-
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tant in explaining the occasional coning motion of TACSAT |. Johnson studied the dynamics of
n-body axisymmetric spinning bodies with a damper on each.® The resulting periodic-coefficient
differential equationswere solved by an asymptotic expansion method, followed by astability anal-
ysis. For the specific case of triple-spin satellites, he used a numerical method based on Floquet
theory to validate the derived analytical stability results.

Several researchers found chaos in certain dual-spin satellite problems.?”-%%% Chaos is possible
for problems with energy addition to the system in the form of driven rotors or damping devices.
Meehan and Asokanthen reported chaotic motions are possible for a dual-spin satellite with an
axial damper, excited by sinusoidal rotor torques.>® These varying torques could be generated by
control system problems, or during spin-up of an unbalanced rotor, or due to rotor motor voltage
fluctuations. Gray, Kammer, Dobson and Miller used Melnikov’ smethod to analytically predict the
onset of chaos in a dual-spin satellite model for a minor-axis spin to major-axis spin maneuver.?’
The damper motion was a prescribed sinusoidal motion, making transitional chaos possible during
the maneuver.

Most researchers studied the dynamics and stability of a specific equilibrium state for dual-spin
satellites: the nominal spin. In the next section we review the results that consider other possible
equilibrium states.

2.3 Multiple Equilibria

Most initial research focused on evaluating stability of the nominal spin equilibrium condition for
either a single or dual-spin satellite. This is the most practical equilibrium condition, but some
researchers also began studying the other possible equilibria.

Severa researchers investigated multiple equilibriain rigid bodies with discrete dampers. Bifur-
cation theory was used by several researchers to characterize the global dynamics and how system
parameters affect equilibria. Levi* studied arigid body with fixed mass-center and a spring-mass
damper, constrained to move along the major axis. He identified multipleequilibriaincluding some
not aligned with an original (undeformed damper) principal axis. Bifurcations for varying spring
stiffness were identified, including pitchfork bifurcations for the two undeformed principal-axis
spins normal to the damper axis.

Chinnery and Hall' identified multiple equilibriafor a spinning, rigid body with damper mounted
parallel to aprincipal axisand the undeformed mass on another principal axis. Equilibriafor which
angular momentum lies in this principal plane were identified for varying damper location using
numerical continuation. Multiple equilibria were found for a given spring stiffness and damper
location. Jump phenomena were observed as multiple stable equilibria may exist. They found
a persistent pitchfork bifurcation for spins about the body axis parallel to the damper, the nomi-
nal axis. The pitchfork changes from a subcritical pitchfork for a softer spring to a supercritical
pitchfork for a stiffer spring. They used Liapunov-Schmidt reduction to analytically determine the
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critical spring stiffnessfor the transition from subcritical to supercritical pitchforks.

Multiple equilibria have also been examined for dual-spin satellites with damping. Cloutier81°
studied a dual-spin model with two axisymmetric rigid bodies and a spring-mass-dashpot nutation
damper mounted on one of the bodies, normal to the nominal spin axis. The resulting stability
criteriafor the nominal spin are similar to previous results for other dual-spin models, but he also
considered the resulting motion when stability criteria were violated. Of the two derived stability
criteria, the first pertained to inertia properties and spin rates and the second was affected by,
in addition to inertia properties and spin rates, damper location and spring stiffness. If the first
stability criterion is violated, the nominal spin isunstable and the satellite eventually spins about a
transverse axis. If the second stability criterion is violated, the satellite tends toward a steady spin
about a canted axis, not an axis of symmetry. This new spin axisisin the plane formed by the
original nominal spin axis and the direction of damper motion.

Fang used miminization of kinetic energy to produce conditions for two possible stable equilibria
for prolate dual-spin satellites with damping.?® One state corresponded to a pure minor-axis spin,
with the angular momentum vector aligned with the system minor axis. The second equilibrium
state had the angular momentum vector inclined relative to the satellite minor axis, which resulted
in precession of the intended spin axis around the angular momentum vector.

Bifurcation phenomena have also been found by Liu and Rimrott*® in the study of an asymmetrical
gyrostat with external or internal energy dissipation. Several damping mechanisms were consid-
ered, including agyrostat containing viscousfluid. For each class of energy dissipation, the number
and type of equilibrium motions vary with mass geometry and the rotor speed. Stability regions
in parameter space were identified and characterized by a stable or unstable node, a saddle, or a
stable or unstable focus.

Hall* studied the motion of a torque-free, rigid gyrostat with a spring-mass-dashpot damper. He
considered the case of a single-rotor gyrostat with rotor axis parallel to an undeformed system
principal axis. The damper was configured asin Ref. 17, with damper axis parallel to therotor axis.
He used alinear analysisto derive stability criteriafor the nominal spin. Bifurcations for multiple
equilibriawere presented in the slow state space of the rotor momenta and the unperturbed system
Hamiltonian.

Much work has been done in understanding the dynamics and stability of rigid bodies and gy-
rostats, including the effects of energy dissipation. Researchers have applied bifurcation theory
to rigid bodies with damping, but much can be learned from applying these ideas and associated
methods to a gyrostat with damping.

2.4 Summary

We reviewed much of the work related to the dynamics of spinning spacecraft with energy dissipa-
tion. For rigid bodies, energy dissipation leadsto the mgjor-axisrule: arigid body with energy dis-
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sipation is only directionally stable in spins about a mgjor axis. For a gyrostat, energy dissipation
on the platform tendsto be stabilizing whereas damping on the rotor tends to be de-stabilizing. For
stability analysis, many researchers used energy-sink methods to produce useful results. Adding
the damping mechanism explicitly to the model makes analysis more difficult, but the stability con-
clusionsare more precise. Many different types of damping devices have been considered; perhaps
the most common is the spring-mass damper with linear spring force and linear damping. Some
researchers studied multiple equilibria of spinning rigid bodies and gyrostats using both analytical
and numerical methods. Now familiar with the related work, we proceed to devel op the equations
of motion for a gyrostat with a spring-mass damper.



Chapter 3

Equations of Motion

In this chapter we devel op the equations of motion for arigid body with a single rigid axisymmet-
ric rotor and a single spring-mass-dashpot damper. A Newton-Euler approach is used to develop
eguations for the linear and angular momentum of the system. Much of the notation and method-
ology used in this chapter are adapted from the spacecraft dynamics text by Hughes.3* We begin
by developing the momentum and motion equations for the rigid body and then add the contri-
butions of the rotor and damper. Although the results for the rigid body are well known, we use
this first case to precisely define the terms and methods used in producing the complete system
eguations. For this development we use a specific vector notation. Genera vectors, independent
of a specific reference frame, are denoted as bold with an over-arrow. Vector quantitiesin a spe-
cific reference frame are expressed as bold letters. Lowercase letters represent vector quantities,
whereas uppercase | etters denote dyadic or matrix quantities.

3.1 Rigid Body Equations

We consider arigid body, B, as shown in Fig. 3.1. The body frame, F,, is centered at point O
which is not presumed to be the mass center. A typical mass element, dm, is located within the
rigid body by the vector r. Therefore, the position and velocity of dm relative to the inertia frame,
Fi, are

=l

= I,+Tr

<

_= ri

For an arbitrary body-fixed reference frame, 7, centered at point @ and with an angular velocity
w with respect to F;, the inertial velocity of dm is

V==, +@dXT

16
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Figure 3.1: Rigid body

Integrating over the body, the linear momentum is
ﬁ:/\?dm:/(\70+&xf)dm
B B

where ¥, = t',. Since ¥, and & do not vary within B, they can be taken outside the integral:

5 = VO/ dm+cf:></f-dm

B B

p = mv,+@&x¢ (3.2)
where € = [T dm isthe first mass moment of B about point O.
We define the absol ute angular momentum of the rigid body, about point O, as

ho = / Fx ¥ dm
B

The notation used for h inthis sectionincl udes a subscript, identifying the object, and a superscript,

defining the point from which r' is measured. The superscript is dropped in following sections to
simplify the notation. Expanding the velocity term and the resulting vector product,

e — / > ;O Sw i)l d
; B[rx(r —|—w><r)] m
— /[Fxx70+(F-F)JJ—(F-J:)F] dm
B

— /f"dmxx70+/ ()@ — (F- @)F] dm
B B
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The first term is the first mass moment cross the inertial velocity of point ©. The second term is
simplified using the unit dyadic,3 1, with property 1 - & = & and becomes

- —(F-37F) d :/ 213 —-7F-3) d
/B[(r 0@ — (f-@)F] dm [ (16— ¥ &) dm
- /(ﬁi-ﬁ) dm - &
B
Defining
J= [ (17 a
B(T I‘I‘) m
as the second moment of inertia about point O, the absolute angular momentum of the rigid body

about point O is _ .
h) =¢xv,+J-& (3.2

If point O isthe mass center, then the equation simplifies to
hi = J-&
where the superscript ¢ denotes the mass center.

Once the equations for the system momenta are developed, we use Newton’s Second Law and
Euler’s equation to express the kinetic equations. Using Newton’s Second Law, the rate of change
of linear momentum in inertial space is simply the applied force:

p=f (3.3)

Applying Euler's equation for a rigid body is complicated by taking angular momentum about
point O, which may not be an inertial point or the mass center. Using Euler’s equation, the total
angular momentum about an inertial point, O;, is

b = /Fixx_r’dm
B

and )

b = g
where g; is the external torque on the body. Since O is a non-inertial point, we use the previous
definition of angular momentum about point O:

ho — /f-xx?dm
B

=[5 xvd
/B(r r,) X V.dm
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Differentiating and substituting,

=y d R
hY = h, — —(r, X p)

. dt
hy = § -V, xP-F,xP
hY = —V,Xp+g T, xf

The external torque about point O isrelated to the torque about the origin of F;:

g =g+, xf
Therefore, '
he = —¥, X P+ &, (3.4)

To expressthe motion equationsin scalar form, vector equations 3.1— 3.4 are expressed in aspecific
coordinate system. We use a different notation, using the skew-symmetric matrix form of the
vector cross product, denoted as a superscript cross. We choose a body-fixed frame, resulting in
the following scalar equations

p = mv,+w'c (3.5
hy = c¢*v,+ Jw (3.6)
p = —w'p+f (3.7)
b} = —wh—-vp+g, (3.8)

These rigid body equations of motion are only the first step. Equations for the momentum and
kinetics for the damper and rotor are still needed. These are developed in the next section and
combined to produce equations of motion for the compl ete system.

3.2 System Equations

The development of the rigid-body equations demonstrated the Newton-Euler approach to gener-
ating equations of motion. A similar approach is used to produce equations for the damper and
rotor. A general version of the system, with arbitrary i and &, isseen in Fig. 3.2.

The system consists of a rigid body B, containing a rigid axisymmetric rotor, R, and a spring-
mass-dashpot damper with mass particle P, which is constrained to move along a line defined by
the unit vector i, fixed in B. Therest of the damper is considered massless. The rotor spins about
itsaxis of symmetry, defined by the unit vector, 4. The body frame, F,, isfixed in B and hasorigin
O. We maintain the generality of these vectors and the body frame throughout this section. In
Chs. 4— 6 we will study a specific orientation of these elements, with the rotor and damper aligned
with the b, axis, but amore general approach will allow for study of perturbations to the nominal
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a

Figure 3.2: Single-rotor axial gyrostat with discrete damper

configuration, included in Ch. 7. Note that unit vectors are represented as bold letters with a hat
(e.g. a) while vectors of variable length are merely bold. The particle is connected to a linear
spring and a linear dashpot damper. All vectors and tensors are expressed with respect to the body
frame.

3.2.1 Linear Momentum

The linear momentum of B was developed previously, and the linear momentum relations for
the damper particle and rotor are similarly generated. To aid in this development severa new
vectors are defined. The location of the damper particle, which is treated as a point mass, is
denoted r, = b + xn. Therotor location is not restricted within 3, and r,, locates the rotor mass
center. Using these definitions, it is straightforward to represent the damper mass and rotor linear
momentum as

Pe = Mmyg(Vo+w*ry+ &0)

Puw = mw(Vo+erw)

where my is the mass of the damper particle, and m,, isthe rotor mass. The total system massis
the sum of the three parts: m = m;, + mq + my,.
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The total system linear momentum is the sum of the three parts,

P = Db+ DPd+ Puw
= mv,+ w (¢, + myry + myry,) + myin

where ¢, is the previously defined first mass moment for the rigid body about point O. For an
arbitrary F,, the system first mass moment about point O is

C = Cp + Mgrg + My Ty
and the system linear momentum may be written as

p = mv, +w"c+mgin (3.9)

Of special interest is the component of p, along i, which is denoted p,,:

pn = N-pg

= mgi" (v, — b*w — ri*w + 1)

which after simplifying becomes

pn = mg(R"v, — 2Tb*w + @) (3.10)

Having derived expressions for the linear momentum, we now focus on the angular momentum.

3.2.2 Angular Momentum about PointO

The angular momentum of the system about point O is developed by summing the contributions
from the three system components. From the earlier development, the rigid-body contribution is
written as

hb =Cp X V0+wa

The angular momentum of the damper particle about point O is

hy = r;pa
= mgr) (v, +w ry+ i0)
= mgr Ve +mg(ril — ryry; )w + myir)h
Defining J; = mg(r21 — rgr}) and ¢ = myry and using ry = b + zn, the damper angular

momentum simplifiesto
hd = cgvo—l-.]dw—i—mdx'bxﬁ (311)
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The rotor angular momentum about point O includes contributions from the motion of the rotor
about O aswell as the angular momentum of the rotor about its own rotation axis. Simply stated,
the angular momentum of the rotor about point O is

h,, :/ v dm (3.12)
R

where r represents the position of each differential mass element of therotor relativeto point O and
v represents the corresponding inertial velocity. To relate this to the previous angular momentum
expressions, several new parameters are defined. Whereas w is the absolute angular velocity of
B, relative to the inertial frame, w,, is defined as the absolute angular velocity of R relative to the
inertial frame. These two velocities are related by the relative angular velocity of therotor, relative
to the body, defined as w, = w,, — w. Figure 3.3 shows how the location of each rotor differential
mass element is defined as

r=r,+r,+p

Figure 3.3: Rigid body with axisymmetric rotor
Expanding Eg. 3.12 and proceeding asin the rigid body devel opment,
h, = / (ry + p) (Vo + w'ry, + w, p) dm
R

= (/ rwdm> vo+/ (wry, dm+/ (wp) dm

+/pvodm+/ (w”ry, dm—i—/ (wrp) dm
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Thefirst term, ¢,, = [ r,, dm, isrecognized as the first mass moment of the rotor about point O.
Also, the vectorsr,, r,,, w, w,, and v, do not vary within the rotor and may be taken outside the
integral:

h, = c’v,+ (r’1 —r,ri)wm, +riw’ (/ p dm)
R

—|—</dem>xvo+(/dem>x(wxrw)—i-/R(le—ppT)dmww

Since p is measured from the rotor mass center, integrating p dm over the entire rotor is zero,
resulting in
h, = ¢ v, +m,(r31 — rwer)w + I, wy

where
IwZ/(ﬂ 1—pp")dm
R

is the inertiatensor of the rotor about its mass center. Note that I is used when the inertia tensor
is taken about the mass center, instead of J for inertia tensors about a point other than the mass
center. Since w, = aw,, we can writeh,, as

h, =c,v, + Jyw+ L,w

where
Ju =my(r21l —r,r.) +1,

isthe inertiatensor of the rotor about point O.

The inertiatensor of the rotor can be expressed as
I, = I,1+ (I, — I,)aa" (3.13)

where I, and I, are the axial and transverse moments of inertia of the axisymmetric rotor.3* Using
thisrelation,

Tow, = Lw,+ (I, —I,)aa"w,
= [twsé + (_[5 - It)wsé
= lw,a

Therefore, the total angular momentum about O is the sum of the three components, h = h;, +
h; + h,,, which becomes

h=Jw+c v, +mgzb*n + h, (3.14)

where
J = Jy+Jg+ Ty (3.15)
= Cp+Cq+Cy (3.16)

h, = [wa (3.17)
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Of particular interest is the absolute angular momentum of the rotor about its spin axis, the axis of
symmetry. Denoted h,,, an expression for this component of rotor angular momentum is devel oped
from the definition of angular momentum of the rotor about its mass center:

h, = / p vdm
R
By a subset of the previous development,
h, =I,w, =1,(ws + w) = Lwsad + [,w
Therefore, the component of this angular momentum in the a directionis
h, = hja
= Lwa'a+w'l,a
= Lw,+w',Aa
By expanding I, intermsof I, and I, as before, the absol ute angular momentum of the rotor about

its spin axis becomes
he = Iyws + I[,aTw (3.18)

Notice that the absolute angular momentum of the rotor includes the relative angular momentum,
hs = Iw, aswell as a contribution from the system angular velocity, w

3.2.3 Motion Equations

We first define the various forces and torques that act on the system components. On B the external
force and moment are f and g &, and P exerts aforce E,d on B. By Newton’'s third law, B exerts
an equal and opposite force f,; onP. The damper force on B creates a torque on the rigid body,
ghi = — T, fbd Let the force and torque acting on R dueto B be fbw and g;,,. Again, an equal and
opposite force and torque act on B dueto R.

Applying Newton’'s second law to the system components we obtain,

p, = f—fu—1
ﬁd = fbd
ﬁw = fbw

where the damper force is afunction of the damping and spring coefficients as well as a constraint
force, f,q = —1(cyd + kqx) + fo0n. The net linear momentum rate for the systemiis

Z 15} -
In the body-fixed, rotating reference frame, this becomes

p=-—wptf (3.19)



Ralph A. Sandfry Chapter 3. Equations of Motion 25

Applying Euler’'s moment equation to the system components, asin developing Eg. 3.4, resultsin
ﬁb+‘7§5b = €— & — Sw
ﬁd +VPa = L
ﬁw + \_f'j 511) - gbw
We sum the component equations to determine the net angular momentum rate for the system:

h=—-wh—Vp+g (3.20)

The equation of motion for the damper momentum component, p,,, is found from differentiating
its definition:

Pn = (Il ’ pd)

=X
=

“Pq+10-Pg
T
= my (wxﬁ) (VO —b*w— i w+ x'fl) — cgd — kgx + 0L,
We do not restrict the motion of the damper, and assume f,,,, is normal to the damper motion
direction, i - £, = 0, resultingin

Pn = maw B (v, — b w — oA w + i) — cgi — kyz (3.21)

The final equation of motion describes the motion of the rotor about its spin axis. Proceeding from
the definition of h,, inasimilar fashion to the p,, development, leads to
d

ha = _A'hw
o (8- hy)

= (w*a)-h,+4a-h,

= W (A Tywy) +at g,
The torque about the rotor spin axisisdefined as g, = a - g.,,, where thistorque could conceivably
be the combination of rotor motor or bearing friction torques. Using this definition and Eq. 3.13,

ha = TthéX (w~+ ws) + ga
— [t(—wTwXé.—'—wTﬁ.Xéws) +ga
Since for any two vectorsu and v, u - (u X v) = (u x u) - v = 0, the final equation of motion
simplifiesto _
ha = Ya (322)

This result completes the motion equation development. However, we also need the expressions
for total system energy. We derive the energy equations in the following section.



Ralph A. Sandfry Chapter 3. Equations of Motion 26

3.2.4 Total Energy

We derive the system kinetic and potential energies using previous definitions. The total mechani-
cal energy is defined here as the sum of the kinetic and potential energies. The potential energy is
merely the potential energy of the spring

U= %kdaﬂ (3.23)
The kinetic energy of a particle isdefined as
T = %mv -V (3.24)
We define kinetic energy of arigid body as
L, o
T—§/V-Vdm (3.25)

The kinetic energy of the systemis therefore expressed as
1
T = 5/13 (vo+wxr) . (Vo—i-wxr) dm
1
+§ A (Vcw +ww><p) : (Vcw +ww><p) dm
1 X Y X .- A
+—=my (VO +w’ry + :Un) - (vo +w'ry + xn) (3.26)
2
where the velocity of the rotor mass center is
Vew = Vo +w™ry,

Using previous definitions, the kinetic energy of the system becomes

1 1 1
T = imvoTvo—i-inanLiTsw§+§mdx'2—vocxw+IswséTw+mdx'voTﬁ—mdj:ﬁTwa (3.27)

We express the kinetic energy of this system more elegantly in terms of velocities and a system
matrix, as developed by Hughesin Ref. 34. The kinetic energy is

1

T = g v Mu (3.28)
where
Vo
(3]
v=| (3.29)
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and
my 1 —c” my n 0
c” J mgb*n Ia
M = mgy flT —mMy IAITb>< mgy 0 (330)
0T I,a" 0 I

The system matrix M issymmetric and positive-definite. The system momentaare al so expressible
using the system matrix,

0= Mv (3.31)
where
p
h
= 3.32
0 . (3.32)
hq

These relations are used to form an energy-based Liapunov function in Ch. 4. Also, total energy
is used to verify simulation results. The damper dissipates energy at the rate of V = —c,42. The
equations of motion are numerically integrated to simulate the system dynamics. As part of the
simulation, total energy is determined from Egs. 3.28 and 3.23. Independently, the energy state
history is determined by numerically integrating the energy state, using V. We ensure the two
energy histories are the same, helping verify the simulation results.

This discussion concludes the devel opment of the system energy equations. Next, we summarize
the equations of motion.

3.2.5 Summary of Equations of Motion

The system momenta, expressed in F, are

p = mv,—c‘w+ mgyi (3.33)
h = Jw+c*v,+mgyb*n + h, (3.34)
pn = mq(8"v, — 2D w +y) (3.35)
he = Ia"w+ Iw, (3.36)
where
y = @
m = My + Mg+ My
C = Cyt+Cqgt+Cy
J = h+Jg+ Iy
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The motion equations, also expressed in F,, are

b = —wp+f (3.37)
h = —wh-v)p+g (3.38)
Pp = Mmgw 0% [Vo — (b +xh)” w] —cqy — kqx (3.39)
he = ga (3.40)
P o=y (3.41)

These equations are valid for any body frame, and position or orientation of the rotor and damper.
We next make specific choices for F, a, and ia to represent atypical satellite configuration

3.3 Nominal System Configuration

We select a nominal configuration of these elements which models a satellite with a single rotor
aligned with theintended spin axis. The alignment of the rotor and nominal spin axesisoften called
an axial gyrostat. This configuration allows the rotor momentum to have the maximum effect in
influencing the dynamics of the typical spacecraft spin. Also, the spring-mass-dashpot damper is
aligned parallel to this nominal spin axis, effectively acting as an axial damper. This configuration
dissipates more energy per unit mass, for smaller coning angles, than dampers aligned perpendic-
ular to the spacecraft spin axis.®°

The nominal system configuration is shown in Fig. 3.4. We choose the body frame, F,, such that
its origin is the system mass center and the body frame axes b, are system principal axes when
P isinitsrest position (x = 0). This configuration results in considerable simplification of the
eguations and their resulting equilibria. The vector 1 is parallel to b;, which is the nominal spin
axis for the spacecraft. The particle is connected to alinear spring and a linear dashpot damper.
The rotor spin axisisin the a direction, paralel to the b, axis.

By selecting the body frame origin as the system mass center, the first mass moment of the system
simplifiesto ¢ = myxi. Also, the defined body axes allow a simpler description of the system
second mass moment of inertiamatrix, J. Because the originisnominally amass center, we denote
the system inertia matrix as I rather than J. For = = 0, the system inertia matrix is diagonal and
defined as I,,. For non-zero damper displacement, the inertiatensor is described intermsof I, as

I=T,+mg (rjl —rarg) — mq (b°1 — bb") (3.42)
which becomes after substitution for r,
I=1,+mg[(22b"8 +2%) 1 — z (ba” + ab") — 2%An"] (3.43)
The resulting momentum equations for the nominal system configuration are

p = mv,— mgri*w+ mgyi (3.44)
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Figure 3.4: Single-rotor axial gyrostat with aligned discrete damper

h = mgzi*v, + Iw + mgyb™n + h, (3.45)
pn = ma(d"v, — 2 b w +y) (3.46)
he = Ia"w+ Iw, (3.47)

The last two momentum equations are unchanged as are the motion equations.

We study the equilibriaof the nominal configuration in Chs. 4—6. In Ch. 7, we consider the effects
of rotor or damper alignment errors by perturbing the direction of the & and i vectors.

3.4 Dimensionless Equations

Animportant step in analyzing mathematical models of physical systemsisto non-dimensionalize
the variables and parameters of the problem. The relative magnitude of different system elements
can then be fairly judged without the bias of dimensional units. Before converting the equationsto
dimensionless quantities, they are first restated with the dimensionality clearly indicated by adding
a * superscript to each element. This distinguishes the dimensional quantities from the dimen-
sionless ones, which appear without the * superscript. The dimensional momentum equations are
therefore

* _ * * * ok A X * k ok A
p° = m'v,—myr"htw" +myy'h (3.48)
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h* = miz"da*v: + 'w* +miy*b*“n + h! (3.49)
ph = my(a'v; —a"b W +y7) (3.50)
hi = I'a"w* + Iw! (3.51)

The motion equations are

h* — _w*Xh* - szp* + g* (353)
p:; — mzw*TﬁX |:VZ . (b + x*ﬁ)x w*:| . Crly* . k;l’* (354)
}'LZ — gz (3.55)
. (3.56)

The full equations are made dimensionless by defining characteristic length, mass, and time units.
These quantities are used to non-dimensionalize the variables and parameters of the problem.
Many possible characteristic quantities are possible, a few of which are included in Table 3.1.
Whereas all possible choices lead to dimensionless equations, certain quantities lead to equations
with desirable or undesirable qualities. We desire satellites with the same dimensiona inertia
properties to have the same non-dimensional inertia properties. If we select damper parameters as
characteristic quantities, then the same satellite with two different dampers would have different
non-dimensional inertia properties. We want to avoid this difference so we choose characteristic
values without damper parameters.

Table 3.1: Examples of characteristic length, mass, and time

Characteristic Examples
Length 0%, I /m*b*, \/tr It /m
Mass m*, mp, IF /b

Time ms ks, w T b v

We select the following characteristic quantities,

Length = 4/ %
Mass = m*
Time = wlh

h

These definitions produce equations with two notable features: the trace of the dimensionless
inertia matrix is always one, tr I = 1, and the dimensionless angular momentum vector also has
unit length, h™h = 1. This latter feature is only true if g = 0. Also, these definitions require
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h* # 0, so for a zero momentum system different characteristic quantities are necessary to non-
dimensionalize the equations.

The following relationships are used to make the full equations dimensionless.
p* = (h*,/m* /trIo*) p h* = h*h

Pp = (h*\/m*/trlo*)pn Vi = (h*/\/m*trIo*) v,
w' = (h*/trIy") w y* = (h*//m*tr IO*) y

x* = (q/trIo*/m*) x wt = (h*/trIy") wy

# = (trIp*/h*) t h' = h*h, (3.57)
b* = (\/trIO*/m*)b m;‘l:gm*
I = trI,'T I = trI,',

¢ = (m*h*/trIy") ¢q k* = (m*h*Q/tr 10*2) k
p* = (h*Z\/m*/tr IO*3> p h* = (h*Q/tr IO*) h

The resulting dimensionless state variables are h, p,, and x. We do no limit the motion of the
damper. As previoudly stated, trI, = 1 and h = 1, however h, is unbounded. We only consider
systems with positive damping, so ¢, > 0. The natural symmetry of the model produces identical
resultsfor +b, so we restrict the analysisto b > 0. The maximum value of b isrelated to 7, and &,
asdiscussed in App. A. Also, the other damper parameters must be positive, so k£ > 0 and e > 0.

Substituting for the dimensional quantities results in the following dimensionless equations of
motion

p = —wp+f (3.58)
h = —wh—vip+g (3.59)
he = a (3.60)
Ppn = ew 0¥[v, — (b+zh)*w] — cqy — ka (3.61)
T =y (3.62)

with dimensionless system momenta

p = V,—exi*w-+eyn (3.63)
h = Iw+eri™v,+eyb™n + [jwa (3.64)
he = I (a’w+w,) (3.65)
pn = e(@’v, —0a'b w+y) (3.66)

The dimensionless moment of inertiamatrix is

I=1,+¢c[(20b"a + 2%) 1- 2(ba” + ab”) — 2”AA"] (3.67)

Once non-dimensionalized, we reduce the system equations by several simplifying assumptions.
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3.5 Reduced Equations of Motion

We make several assumptions, consistent with the intention of studying the free motion of the
damped gyrostat, which simplify the equations of motion. We assumef = g = 0 and g, = 0.
Thus, p, h, and h, are all constant. Rotor momentum, h,, is treated as a system parameter rather
than a variable. One final simplifying choice is made by selecting the constant system linear
momentum to be zero, p = 0. By making this choice, we can solve for the velocity:

vV, = ex*w — eyn
Substituting for v, in the expression for angular momentum, we can solve for the angular velocity
w=K'm
by definings’ =1 — ¢, and

K = I, aa" +¢|2vbTal — 2(ba" + Ab") — £'2?A*A*

m = h-—h,a—eyb*n

Given the stated assumptions and eliminating the velocities from the equations of motion reduces
the system to five scalar equationsin h, p,,, and z:

h = h*K'm (3.68)
pn = —em K 0% [(b+zh) K 'm| — gy — ka (3.69)
o=y (3.70)

where
_ pn+en K (h — h,4)

e/ +ef'b*K 'b*h

ey (3.71)

The system state variables are:

h,  angular momentumin b, direction
ho angular momentum in b, direction

hs angular momentum in b; direction
Pn linear momentum component of P in i direction
x damper displacement

and the dimensionless system parameters are:

I,  moment of inertiaabout b,-axis
I moment of inertia about bs-axis
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moment of inertia about bs-axis

rotor axial moment of inertia about a
damper position vector

magnitude of b, damper location distance
damper particle mass

damper spring stiffness

Cq damping coefficient

™0 TN A

The reduced, dimensionless equations are used in the numerical and analytical studiesin this dis-
sertation.

3.6 Comments on Equations of Motion

The equations of motion have severa properties which are important to later devel opments. Some
of these properties are a product of the Newton-Euler development and the choices made for the
system states. Although the equations describing the motion of the system are expressible in
different forms, such as generalized coordinates, the advantage of the Newton-Euler approach is
found in the relatively simple form of the equations. Nevertheless, the form of these equations do
present certain challengesto analysis, mostly due to the presence of a conserved quantity.

3.6.1 Conserved Angular Momentum

If the system isfree of external torques, system angular momentum is conserved. In general terms
of the state vector, z, a conserved quantity takes the form,

C(z) =0
which for conserved angular momentum becomes
h"h-1=0 (3.72)

or
hi +h3+h—1=0 (3.73)

This constraint between the states has the effect of a persistent zero eigenvalue in the system Jaco-
bian matrix (defined in Sec. 4.1.3). A singular Jacobian affects how we can achieve the objective
of characterizing the possible system equilibria. Also, the conserved quantity complicates the
stability analysis of relative system equilibria.

Solving Eqg. 3.73 for one of the angular momentum components, such as i, = /1 — h3 — h3,
and substituting into the system equations effectively reduces the order of the equations by one.
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However, the resulting Jacobian has elements with the term /1 — h3 — h3 in the denominator.
These elements of the Jacobian matrix are singular when h; = 0, which is a significant portion
of the state space. We use numerica techniques in later chapters which require a continuous,
full-rank Jacobian. Therefore, direct substitution for one of the momentum coordinates is not a
practical method of reducing the system.

Figure 3.5: Spherical coordinate definition for angular momentum

Instead of using the conserved quantity to eliminate one of the states, we change variables to
spherical coordinates and achieve the same reduction in order with fewer numerical problems. The
conserved magnitude of the angular momentum vector, denoted as h, forces all possible states to
lie on a momentum sphere of radius 4. As such, the three state variables representing the angular
momentum vector, (hq, hs, hs), can be expressed in spherical coordinates, (h,6, ¢). Different
definitions are possible for the two angles, but one such definition is shown in Fig. 3.5, where

hy = hcosfcos¢ (3.74)
hys = hcosfsin¢ (3.75)
hs = hsinf (3.76)

By converting the state from (hq, hs, hs, p,, ) t0 (h, 8, ¢, p,, ), we effectively reduce the system
to four first-order equations. This is possible because, in terms of these variables, the conserved
quantity itself becomes a state, and 7 = 0 by definition. We convert Egs. 3.69-3.70 to the new
variables by simply substituting for h. To convert Eg. 3.68 to the new variables requires use of a
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transformation matrix derived from the spherical coordinate definitions. For the above definitions,

the matrix is ) )
h] 1 { hcosOcos¢p hcosfsing hsinﬁ] {hll

0 —sinflcos¢ —sinfsing cosb hoy
b —sing/cosf cos¢p/cos B 0 hs

Obviousdly, this transformation is singular when cos § = 0, corresponding to a pure spin about the
b axis. Similar to kinematic expressions for Euler angle rates, no one set of spherical coordinate
anglesis non-singular for the entire state space. However, by choosing the transformation wisely,
the singularity can be placed in an unimportant region of state space. Being aware of the singularity,
we can use an alternate transformation if numerical problems occur when working in regions of
state space near the original transformation’s singularity.

(3.77)

3.6.2 Symmetry of Equilibria

The natural symmetry of the axial gyrostat with aligned damper produces symmetry in the equilib-
rium solutions of Egs. 3.68-3.70. The equations are invariant for severa transformations. Three
possible transformations correspond to rotating the body frame through 7 about one of the body
axes. Rotating the body frame through 7 about bs produces symmetry within the b,—b;3 and by—b;
planes. Equations 3.68-3.70 are invariant under the transformation

(hla h27 h37pn7 xZ, ha) = (_hla _h27 h37 —Pn, —T, _ha) (378)

Two other transformations exist for rotations about 151 and 62, but they requireb — —b. Thetwo
transformations are
(hla h27 h37pn7 xZ, b) = (hla _h27 _h37pn7 x, _b) (379)

for the b, rotation, and
(hl, hg, hg,pn, x, ha, b) — (—hl, hg, —h3, —Pn, —, —ha, —b) (380)

for ab, rotation. We acknowledge the symmetry associated with &b, but we are moreinterested in
symmetries for a specific damper location. Two transformations related to the b, and b, rotations
exist. These transformations have opposite signs for the damper variables compared to the pure
rotation transformationsin Egs. 3.79-3.80. For afixed b, the transformation

(h1, ha, hg, pp, x, he) > (h1, —ha, —hg, —pp, —, hy) (3.81)
is associated with symmetry within the b;—b, and b;—b; planes. The transformation
(hi, hay hgy pn, x, he) — (—hi, hay —hg, Pp, x, —hy) (3.82)
is associated with symmetry within the b;—b, and b,—b; planes.

The symmetries of equilibria are evident in the numerical resultsin Ch. 5. The natural symmetry
of the model is perturbed in Ch. 7 by adding rotor or damper alignment errors. These errors also
break the symmetry of equilibria.
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3.6.3 Equivalence with Rigid Body and Damper Model

A related problem to the gyrostat with discrete damper (identified as B + R + P) is therigid
body with discrete damper (identified as B + P). Chinnery and Hall'" developed equations of
motion for such a model, configured as the previously defined nominal configuration but without
therotor. The equationsfor the B + R + P case can be reduced to those for the B + P case by the
transformation

(ha, I7) = (0, 1) (3.83)

where I] = I, — I;. Therefore, results obtained for h, = 0 are applicable to the B + P case and
compared to previous results by Chinnery and Hall.

The equivalence defined by Eqg. 3.83 does not imply the rotor is fixed. It does imply that the
dynamics of the B + R + P system are the same as the B + P system, but for a different inertia
matrix. For h, = 0, therotor velocity relative to therigid body is

wy = —4'w (3.84)

The rotor will rotate in an opposite sense relative to the contribution of w in order to maintain the
absolute angular momentum of zero, in the absence of any rotor torques. A fixed rotor would be
characterized by h, = 0, and equations reduce to those for the 5 + P model.

3.6.4 Absolute vs. Relative Rotor Angular Momentum

We derived the equations of motion in terms of the absolute angular momentum, £ ,, but we could
aternatively express the equations in terms of the relative rotor momentum:

hy = h, — LaTw (3.85)
The advantage of using A, liesin the motion equations:
ho = Ga (3.86)

The axial rotor torque, g,, isthe obvious control variable for any control scheme using rotor mo-
mentum to control or maneuver the system. The equivalent motion equation intermsof h is

hy = g, — L4 w (3.87)

where w is a complicated expression found by differentiating Eq. 3.64 or manipulating Eq. 3.59.
Also, we can easily determine the relative momentum state at any point using Eq. 3.85. Therefore,
the motion equations are more simply expressed in terms of ., rather than h,.
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3.7 Summary

We derived the equations of motion for a gyrostat with a spring-mass damper. The equations of
motion were devel oped with aNewton-Euler approach, leading to equationsin terms of system mo-
menta and damper variables. We made the equations dimensionless, and after several simplifying
assumptions, were left with five first-order differential equations. Conserved angular momentum
requiresfurther reduction, to fourth-order equations, to eliminate a persistent zero eigenvaluein the
system Jacobian. A change of variables to spherical coordinates is proposed to take advantage of
the conserved quantity and reduce the equations. With these results, we next consider the stability
conditionsfor simple spins.



Chapter 4
Stability of Simple Spins

In this chapter we examine the stability of specific relative equilibria which correspond to steady
spins about the body frame axes. The spin about the b, axis, previously named the nominal spin,
is of particular practical interest as it corresponds to the most likely intended spin of a dual-spin
satellite. The stability conditions for a dual-spin satellite with a spring-mass damper were studied
by Likins®™ in 1967, and reformulated by Hall.*® Both used a linear stability analysis to establish
stability conditions, but just for the nominal spin. We also use a linear analysis, but a nonlinear,
Liapunov analysis is then used to independently verify these results. The other two pure spins,
about the b, and b axes, are possible only for zero rotor momentum, 4, = 0, since the rotor is
perpendicular to these axes. These latter two equilibria are important for the B + P case, or for
a gyrostat spinning about a transverse axis, prior to initial rotor spin-up. We use both linear and
nonlinear stability analyses to derive stability conditions for these two equilibria

We begin by defining key stability ideas and outlining methods to be used in generating stability
conditions. These methods are then used to determine stability conditions for the simple spins.

4.1 Stability Definitions and Methods

Intuitively, stability implies that trajectories near a desired operating point are well behaved in
a certain region. There are different precise definitions of stability, with sometimes subtle but
important distinctions. The objective of this section is to define some key stability concepts and
theoremsthat will be applied to determine stability conditionsfor certain relative equilibria. First, a
definition of equilibriumis presented, along with the related concept of relative equilibrium. Then,
stability definitions and theorems are presented for both linear and nonlinear stability analysis.
Many texts offer an extensive discussion of stability concepts and theory, including Ref. 63, which
isused for many of the formal definitions and theoremsin this section.

38
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4.1.1 Equilibrium

We consider a nonlinear, autonomous system:
z = f(z) (4.1)

State vectors which satisfy 0 = f(z) are defined as equilibrium points. Equilibriacan be found by
solving the resulting nonlinear algebraic equations. In some cases, solving these equations may
be difficult analyticaly, leaving a numerical solution as the only practical aternative. Also, with
nonlinear systems it may not be possible to know how many equilibria exist. More formally,

Definition 4.1 A statez, isan equilibrium point of the systemif once z(¢) isequal to z, it remains
equal to z, for all futuretime

If Eq. 4.1 describes the motion of a system expressed in amoving or rotating reference frame, then
an equilibrium for this system is defined as arelative equilibrium.

4.1.2 Stability Definitions

State variables may be transformed such that a specific equilibrium state is translated to the origin.
Assuch, we focus on the stability of the equilibrium state, z = 0. Stability of theoriginisformally
stated, in the Liapunov sense as follows:

Definition 4.2 The equilibrium state z = 0 is said to be stable if, for any R > 0, there exists
r > 0, suchthatif ||z(0)|| < r, then ||z(¢)|| < R for all t > 0. Otherwise, the equilibrium point is
unstable.

This definition means that the system trajectory will remain arbitrarily close to the origin by start-
ing sufficiently near the origin. Whereas the trgjectory is bounded in an arbitrarily small region
about the origin, it may not converge to the origin. This more desirable quality is captured in the
definition for asymptotic stability.

Definition 4.3 An equilibrium point 0 is asymptotically stableif it is stable, and in addition there
existssomer > 0 such that ||z(0)|| < r impliesthat z(¢t) — 0 ast — oc.

Theregionin state space, ||z|| < r isreferred to asthe domain of attraction of the equilibrium point.
Locally, an equilibrium point may be asymptotically stable, but if a trajectory begins sufficiently
far away from the point it may be outside the domain of attraction and be unstable. This local
stability feature is unique to nonlinear systems. Linear time-invariant systems are either globally
asymptotically stable, unstable, or marginally stable, as defined in the following section.
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4.1.3 Linearization and Local Stability

A Taylor series expansion of EQ. 4.1 about z. yields
0% = A(z.)07 + O (62°) (4.2)
where 6z = z — z, isthe perturbed state vector and the system Jacobian matrix is

- 52].

Neglecting all terms higher than first order in Eq. 4.2 givesthe linearized system of equations
0z = A(z.)0z (4.3

The stability of the linear system is determined by the eigenvaluesof A.. If all eigenvaluesof A are
in the open set of the left-half complex plane, then the origin is asymptotically stable. If at least
one eigenvalue of A isin the open right-half complex plane, then the origin is unstable. If none
of the eigenvalues are in the right-half complex plane, but at least one is on the imaginary axis,
then the linear system is marginally stable. 1t should be noted that if there are repeated complex
pairs of eigenvalues on the imaginary axis then the system is unstable. Applying these concepts
to the linearization of a nonlinear system provides valuable local stability information about the
reference equilibrium point.

The linearization of a system to locally evaluate the stability of an equilibrium point is often re-
ferred to as Liapunov’s linearization or Liapunov’s first method. The following states the well-
known relationship between the stability of the linearized system and the original nonlinear sys-
tem.

Theorem 4.1 (Liapunov’s linearization method) For the nonlinear, autonomous system, Eq. 4.1,
linearized about a reference equilibrium state, the following stability conclusions are made:

e If the linearized system is asymptotically stable, then the reference equilibrium point is
asymptotically stable for the original nonlinear system

e If the linearized system is unstable, then the reference equilibrium point is unstable for the
nonlinear system

e If thelinearized systemis marginally stable, then no conclusion can be made fromthe linear
approximation regarding the stability of the nonlinear system

A proof of thistheorem isin many nonlinear dynamics texts, including Khalil,** but the rationale
behind these conceptsisrelatively simple. If the linearized system is strictly stable or unstable, and
since near the equilibrium point the linearized system closely approximates the original system,
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the nonlinear system islikewise stable or unstable. However, if the linearized system is marginally
stable, then the effects of the neglected higher-order (nonlinear) terms may become critical in
whether the system is stable or unstable. In thislatter case, the linearized analysisisinconclusive.
Simple nonlinear systems may be globally asymptotically stable even though their linearized sys-
tems are marginally stable. To determine the stability in these cases, a nonlinear stability analysis
isrequired.

4.1.4 Nonlinear Stability

Liapunov’s direct method, sometimes called his second method, is the most common nonlinear
method of establishing stability. The method is based on observation of physical systems and
energy. If the total energy of a dynamical system is continuously dissipated, then the system
motion eventually damps out to an equilibrium state. The equilibrium point is a minimum energy
state, athough it may only be alocal minimum. The Liapunov direct method involvesasimilar but
more general approach. An “energy-like” scalar function is used, along with itstime derivative, to
determine stability of an equilibrium state.

We are concerned with the stability of a particular solution to a set of differential equations. It
is often convenient to work with perturbed coordinates, éz. In these coordinates, the reference
solution is dways 6z = 0, so we consistently consider the stability of the origin. The basic
definitions and theorems in this section are expressed in terms of stability of the origin.

Definition 4.4 A scalar function, V' (z), is a Liapunov function if and only if it is continuously
differentiable and is locally positive definite, that is

V(0)=0 and V(z)>0 for z#0
withinaregion ||z|| < R, anditstime derivative along any statetrajectory is negative semi-definite,

V(z) <0

If V' is positive definite

Liapunov functions are related to the stability of dynamical systems, and thisrelationship is estab-
lished in Liapunov’s direct method.

Theorem 4.2 (Liapunov theorem for local stability) Ifinaregion ||z|| < R, thereexistsa scalar
function V' of the state z, with continuous first order derivatives such that

e V/(z) ispositive definite within ||z|| < R

e V(z) isnegative definite within ||z|| < R
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then the equilibrium at the origin islocally asymptotically stable.

It is important to recognize that Liapunov’s direct method provides only sufficient, not necessary
stability conditions. Failure to satisfy conditions for stability does not provide any stability infor-
mation. It only means stability cannot be established with this particular Liapunov function.

The requirement for V' to be negative definite seems to preclude application to many physical
problems, particularly those using total energy as Liapunov function. Since energy dissipation
can be zero, and therefore is semi-definite, Liapunov’s method seems to not apply. However, it
is still possible to draw stability conclusions with the help of invariant set theorems attributed to
LaSalle*! |f we can establish that no system trajectory can stay forever at points where V' = 0,
except at the origin, then the origin is globally asymptotically stable. To state LaSalle’s theorem,
we need to use the concept of an invariant set.

Definition 4.5 A set G is an invariant set for a dynamic system if every system trajectory which
startsfroma point in G remainsin G for all future time.

LaSalle' s theorem can then be stated as

Theorem 4.3 : Consider an autonomous system, Eq. 4.1, with continuous f and scalar function
V'(z) with continuous partial first derivatives. Assume that

e V(z) < 0 over thewhole state space

e V(z) - coas|z|| = o

Let R be the set of all points where V' (z) = 0, and M be the largest invariant set in R. Then all
solutions globally asymptotically convergeto M ast — oo.

The term “largest” invariant set is understood to include the union of al invariant sets, whether
they be equilibrium points or perhaps limit cycles. Therefore, for multiple equilibria, the invariant
set of equilibriaare collectively globally asymptotically stable.

4.2 Stability Analysis for the Nominal, b,-Axis Spin

The stability concepts of the preceding sections can be applied to the steady-spin equilibriafor the
B+ R + P moddl. First, alinear stability analysisis considered. Once the system of equations
are linearized about a specific equilibrium state, the task of evaluating the stability of the linearized
system matrix, A, remains. As previously stated, this involves determining the eigenvalues of A
and using the sign of the real parts to assess stability. For a specific system configuration it is a
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simple matter to determine the eigenvalues. Of greater interest is determining what conditions on
the system parameters are required to ensure stability of the equilibrium state. As previous works
have established the major-axis rule for a spinning rigid body with energy dissipation, we can
use linear and nonlinear stability concepts to generate similar stability conditions for the damped
gyrostat.

Routh-Hurwitz stability criteria (Ref. 34, Appendix A) are used to determine whether eigenvalues
of A are in the left half-plane. Instead of calculating the eigenvalues directly, the stability is
determined by proxy, working instead with the coefficients of the characteristic polynomial

Po(p) = det(ul — A)
which can be expanded as
Po(p) = p" +arp" ™ - 4 an 1+ an

The characteristic equation, P, (1) = 0, has the eigenvalues of A asitsroots. It may be difficult
to determine the eigenvalues themselves from the coefficients a;, but the Routh-Hurwitz method
provides criteriafor the coefficients that ensure all the eigenvalues are in the open left half-plane.

For the nominal spin about the b, axis, the relative equilibrium state for Egs. 3.68-3.70 isthe state
(h, p,, z) = (+1,0,0,0,0). Linearizing the reduced, non-dimensional eguations of motion about
this reference condition (for A, = +1) yields the following Jacobian matrix,

[0 0 0 0 0 i
£ he—1 be —b
0 I +? (ha1) e'Io—b3e + I —1Is g’{}zl—lﬂle) e'Ia—b2e
1—1s 3\/ta — E\Nag —
A(Ze) = 0 _IS(II_IS) 0 13(11—13) 0
0 0 71)‘ 7012‘ I i
be(ha1) e'Ir—b%e )2 g((z’lzflgge) e(e'Io—b3%¢)
- 0 I3(Ila_ls) 0 Ig(]l—af‘g)z o kd 0 .

Immediately, the influence of the conserved angular momentum is apparent. The system state is
constrained to lie on surfaces of constant angular momentum magnitude. The Jacobian is singu-
lar, with a zero eigenvalue associated with conserved angular momentum. The null space of the
Jacobian is the eigenvector associated with the zero eigenvalue. This null space isthe directionin
state space of the conserved angular momentum gradient. If the states h, hs, p,, and x al asymp-
totically approach zero, then h; must approach +1 asymptotically, at least locally, to maintain the
conserved angular momentum. Therefore, we can reasonably exclude the row and column associ-
ated with the zero eigenvalue and examine stability conditions for the resulting (4 x 4) Jacobian.
We will use other methods to confirm the stability conditions and validate the stability of the center
manifold.

Applying Routh-Hurwitz stability criteria to the reduced matrix results in four quantities, all of
which must be positive to ensure the eigenvalues are all in the left half-plane. These four quantities
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are
cly

e(e'ly — b%e) >0

c(li+ (=1+hy) I — 1) (I1 + (=1 + hy) I3 — L)
e (e'Ty — b2%e) I (I, — I,)? >0

(Ii + (=1 + he) I — 1) (1)2 e2 (=1 +he)’ + (I = I,)" (I + (=1 + hy) Iz = I) kd)
ee'ly — b2 Is (I — I,)* >0
Ve (I + (=14 hy) I — I,) (=1 + I, — ho Iy + Is — ho Is + I,)° 0

ee'l, — 2 L2 (I — I,)°

Defining several new parameters: 1] = I, — I, I, = e'I, — b*c,and A = h, — 1. The stability
criteria become

cly

44
57 > 0 (4.4)

c(I] + AD) (I + M)
45
eIPIL, >0 @9

, 13 2 2,213
(1] + Ap) (I} kill I3k + b°2)\%) > 0 (4.6)

eI I,

2.2 ! / 2

b2e? (I} + \I) g113+2(fz +L)A 4.7)
cIPIPI2

From Eq. 4.4, we see that if I is positive then this condition is always satisfied. Appendix A
demonstrates that in fact I, is always positive, and we can use this result to conclude that the
denominators of the remaining three stability conditions are all positive. Therefore, stability of the
linearized system depends on the sign of the remaining three numerators.

From Eqg. 4.7 we require that
[{ + Ay >0

Applying thisrequirement to Eq. 4.5, it is clear that
I{ > —Al, and I{ > —\l3
Finally, applying these results to Eq. 4.6 produces the final condition for stability:

IPk + IP LMK + b2 )% > 0

In summary, the conditions for stability of the nominal b; axis spin can be expressed as

I{ > —)\rnax(fg,[g) (48)
_b2€2)\3

k > ——
I (I + \I3)

(4.9)
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In examining these stability conditions, it is clear from Eq. 4.8 that aversion of the mgjor-axisrule
influences the stability of a b, axis spin. For the rigid-body equivalent of this system, with i, = 0
and therefore A = —1, I] must be the largest moment of inertia rather than the system 7, principal
moment of inertia. Also, from Eq. 4.9 we see that there isaminimum spring stiffness for stability.
Alternatively, for a given spring stiffness there exists a maximum damper location distance, b,
above which the equilibrium isunstable. If Eq. 4.8 is satisfied, then Eq. 4.9 effectively dividesthe
k—b parameter space into regions of stable and unstable nominal spins, shown in Fig. 4.1.

1

0.91
0.81

0.7+ |
stable |

0.6y nominal spin I.=004 |
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b

Figure 4.1: Nominal spin stability boundariesin k—b parameter space

Returning to the issue of the zero eigenvalue, it is possible to use the spherical coordinate version
of the equations of motion, introduced in Chapter 3, to validate the decision to exclude the zero
eigenvalue in the previous stability analysis. By converting to spherical coordinates, as defined
by Eqgs. 3.74-3.77, we can linearize about a b, axis spin condition defined by (h, 6, ¢, pn, z) =
(1,0,0,0,0). The h equation is identically zero, leaving four first-order equations. The resulting
Jacobian, evaluated at the reference condition, is

0 —(I[+213) beA 0

. , I3 I3
5 Il—l—/\I2 0 be —b
— 1 1! I

A i . Y 4 (4.10)
JE el el!
2 2(b /\)2 2
beA 1. (be
i 0 I'I3 k 215 0 |

Applying Routh-Hurwitz criteria as before leads to four quantities which must all be positive for
the reference equilibrium to be stable
cly
el}
c(I] + \I) (I1 + A\I3)
SRIEE

> 0 (4.11)

0 (4.12)
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(I] + M) (IPk + I I3 Mk + b*e203)

4.1

ST ! -

Ve (I + ML) (I + (b + 1)) (4.14)
SRITE

These are the same as Egs. 4.4 4.7, and produce the same conditions for stability. Therefore,
we validated the decision to exclude the zero eigenvalue in the original linear stability analysis by
a separate linear analysis for a formulation which excludes the zero eigenvalue. For the stability
analysis of the remaining b,- and bs-axis spins we use the less cumbersome original equations,
Egs. 3.68-3.70, and exclude the zero eigenvalue.

A nonlinear Liapunov stability analysis, using the system energy as the Liapunov function, is also
performed. Details of this approach are presented in a later section, but the nonlinear stability
analysis produces the same stability conditions as the linear analysis.

4.3 Stability Analysis for the b3-AXis Spin

We next consider the stability of the pure spin about the b axis. For both this condition and the
b,-axis spin, the equilibrium only existsif the rotor has zero absolute angular momentum, /., = 0.
As such, these two conditions also correspond to equilibria for the B + P case. However, these
equilibriawere not treated in earlier works on thismodel 1 and are included here for completeness.

Proceeding as with the b, -axis spin, the system is linearized about the equilibrium condition asso-
ciated with bs-axis spin, (h1, ho, hs, pn,x) = (0,0, 1,0,0), withthe additional requirement h, = 0.
After eliminating the zero row and column from the Jacobian and applying Routh-Hurwitz criteria,
we again have four quantities which must be positive for stability.

CIQ
— 4.15
el >0 ( )
C(Ig — _[2)([3 — ]{)
4.16
SO0z >0 (+.10)
([3 — ]2) [([3 — [{)(k]g — 85,) — b2€2]
4.17
Sa0z >0 17
2.2 _ _71\2
bec (13 122(13 —|—3[3 [1) > 0 (418)
el[“I}° I3
The resulting conditionsfor a stable b; axis spin are
[3 > max([{,fg) (419)
2.2 / g
" b*e? 4+ ee' (I3 — 1) (4.20)

LY - 1)
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These stability conditions are similar to those developed for the b,-axis spin for arigid body, in
Ref. 17. Notice that Eq. 4.19 is similar to a mgjor-axis rule. However there exists the possibility,
since I] = I, — I, that a stable configuration could have I; > I3 > I. For this special case I5 is
not the major axis of the rigid body, but is still a stable equilibrium. Also, Eq. 4.20 illustrates that
for stability the spring must again be sufficiently stiff, although for a different minimum value than
for ab,-axis spin.

We again perform a nonlinear stability analysis for the bs-axis spin. Asin the nominal-spin case,
the Liapunov stability analysis produces the same stability conditions. The details of the Liapunov
analysis are similar to those presented in the next section for a b,-axis spin, where the linear
analysisisinconclusive and the nonlinear analysis is necessary to generate stability conditions.

4.4 Stability Analysis for the by-Axis Spin

We examine the stability of a by-axis spin with a linear stability analysis, but we show that this
analysisisinconclusive. A nonlinear stability analysisis necessary to generate stability conditions
for this equilibrium. Liapunov’s direct method is used with a Liapunov function based on system
energy.

For the linear analysis, we proceed as before and linearize the system about the equilibrium con-
dition associated with a b-axis spin. However, in this case the damper variables may not be zero.
For a b,-axis spin the angular momentum vector ish = (0,1, 0). We choose to examine the
hs = 1 case, but the symmetry of the model implies that the results are not significantly different
for either sense of the spin. Substituting h = (0, 1,0), and h, = 0, into the equilibrium equations
results in bfh = 0. This decouples the motion of the damper from the rest of the system, for
this equilibrium. The remaining damper motion equations constitute a submanifold of the motion
whose stability affectsthe overall stability of thisequilibrium. The stability of the submanifoldisa
function of the system parameters, and is analyzed in terms of the stability of the two-dimensional
submanifold. However, a stable submanifold is only a necessary condition; the reference equilib-
rium point may be unstable independent of the stability of the submanifold. We first consider the
stability conditions of the two types of submanifolds using a linear stability analysis. Then, we
consider the stability of afull five-state equilibrium point.

4.4.1 Stability of Submanifolds

For the conditionsh = (0, 1,0), and h, = 0, the equations of motion reduce to

e’z (' — bp,)” c[—be + pn (I + e'x?)]
(026 — &' (I, + e'x?)]> e [bPe — &' (I + ec'a?)]
—be + py, (Ir + e€'2?)

A 4.22
v g [b%e — &' (Iy + ec’x?)] (422)

Pn = —ka+ (4.21)
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Setting these two equations to zero, we solve for equilibrium values of p,, and z. Two possible
types of equilibriaexist for ab,-axis spin. Thefirst equilibrium stateis

(Pn, 2)1 = (be/13,0)

and the second, apair of points, is

ek vee'k — Ik
(pn,I)Q,g, = (b ?,Il: 55‘7’]{;2> (423)

Linearizing the two-dimensional reduced equations about the first equilibrium state and applying
Routh-Hurwitz criteria produces the following two expressions; each must be positivefor stability:

cly > 0 (4.24)
e =L’k > 0 (4.25)

Thefirst expression is always positive, and the second leads to the stability condition
k> — (4.26)

This agrees with our expectation that the equilibrium state with zero damper displacement requires
a sufficiently stiff spring for stability. Therefore, as long as Eq. 4.26 is satisfied, the dynamics
within the submanifold in (p,,, ) space of the equilibrium state h = (0, 1,0, bc/I,,0) are locally
stable.

We evaluate the stability conditions for the second submanifold equilibrium using a similar linear
analysis and produce the following expressions for stability,

—ee' + 2k > 0 (4.27)
e —keb* > 0 (4.28)

Using the definition of 7 from App. A, it can be shown that the first condition implies the second.
Therefore, the stability of the second equilibrium, within the submanifold, requires

k< — (4.29)

This critical spring stiffness marks the stability boundary between the two equilibria, within the
submanifold. Examining Eq. 4.23, we see that if the submanifold stability condition, Eq. 4.29, is
not met, the equilibrium state does not exist. Therefore, Eq. 4.29 defines an existence condition
for the b,-axis spin with z # 0. We revisit this existence condition in Ch. 8. Stability of the
submanifold is anecessary condition for stability of the full-state equilibrium point, considered in
the following section.



Ralph A. Sandfry Chapter 4. Stability of Simple Spins 49

4.4.2 Linear Stability Analysis

We now focus on the stability of the full-state equilibrium condition for a b,-axis spin. We concen-
trate on thefirst equilibrium point, with zero damper displacement. Thisstateis certainly of greater
practical interest as most applications desire a zero-damper displacement equilibrium. A similar
nonlinear stability analysis is considered for the second pair of equilibria, but their complexity
prevents simple analytical stability boundaries.

We linearize the system equations about the reference bs-axis spin condition:
(h, pp,z) = (0,1,0, b/ 1)

Eliminating the zero eigenval ue associated with the conserved angular momentum, Routh-Hurwitz
criteria are applied. Proceeding as for the b; and bs-axis spin cases, we generate the following
four quantities which must be positive for stability. But in this case, one of these is identically
zero, and we can not satisfy the Routh-Hurwitz criteria and demonstrate asymptotic stability.

CIQ
— 4.30
el >0 ( )
C(IQ — [{)([2 — ]3)
4.31
NONA? >0 (4:31)
(I = I1)(Iy — I3) (kI3 — e€')
0 4.32
NI ” (4:32)
0 = 0 (4.33)

Another popular method of implementing Routh-Hurwitz criteriais to build a Routh Table, de-
scribed in many linear systems texts including Ref.54. In thisform, the zero in Eq. 4.33 leadsto a
zero row in the Routh Table. According to Nise, this situation occurs when there is an even poly-
nomial that is afactor of the original polynomial.>* This even polynomial has only even powers of
1, and only has roots that are symmetric about the origin. The system is either unstable, with roots
of the even polynomial symmetric about the imaginary axis, or marginally stable, with the roots on
the imaginary axis. Therefore, the linear analysis can only prove instability in this case. However,
we use nonlinear stability theory in the next section to establish asymptotic stability conditions.

Despite the shortcomings of the linear analysis, it does provide some information. From Eq. 4.31
we learn that 7, must be greater than or less than both 7] and 5. Equation 4.32 defines a stability
condition for spring stiffness,

ge'

3
that isthe requirement for stability within the submanifold. Intuitively, we expect another condition
which requires I, to be a maximum, not minimum moment of inertia.

k > (4.34)

The reason for the failure of the Routh-Hurwitz method is that this equilibrium condition has two
purely imaginary eigenvalues, making the linear analysis inconclusive. Therefore, a nonlinear,
Liapunov stability analysisis necessary to fully characterize the stability conditions for this equi-
[ibrium condition.
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4.4.3 Liapunov Stability Analysis

To demonstrate asymptotic stability with Liagpunov’sdirect method, we must choose an appropriate
Liapunov function. A likely candidate is the system total mechanical energy, which is the sum of
potential and kinetic energies, or V. = T + U. Asdescribed in Ch. 3, the potential energy of the
systemis

1
U= 5’”2 (4.35)
and the kinetic energy is expressed as
1
T = 3 v Mu (4.36)
where
Vo
w
= 4.37
v y (4.37)
Ws
and
1 —ern” en 0
crn” I eb*n Ia
M= et —enTbhx € 0 (4.38)

oT I,aT 0 I,

To consider the stability locally, near a specific equilibrium state, we transl ate the state to perturbed
coordinates referenced to the equilibrium state:

E=z— z, (4.39)

We effectively trandate the equilibrium state to the origin and apply the Liapunov stability theo-
rem. For simplicity, the notation for individual states remains unchanged, although they have been
displaced by the equilibrium values.

Substituting for w, w,, and v, asin Ch. 3 produces an expression for total energy in terms of the
state variables (h, p,,, ). For thisto be a valid Liapunov function, it must be a positive definite
functionand V' < 0. There are issueswith both of these requirements. First, the energy dissipation
rate is ssimply the energy dissipated in the damper,

V = —cqi?® (4.40)

Therefore, 1 is only semi-definite, but as with many systems using an energy-based Liapunov
function, LaSalle’'s Theorem provides a means to overcome this shortcoming and demonstrate
asymptotic stability. In this case, the set of equilibriais the smallest invariant set such that V' = 0.
Trajectories can not satisfy V' = 0 other than at equilibrium points. So Theorem 4.3 is applied and
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the conditions for asymptotic stability of the equilibrium points become merely those for V' to be
positive definite.

Thetotal energy is positive semi-definite. For each equilibrium state, an infinite set of points such
that V' isaloca minimum exist, but these minimum energy states correspond to different values of
the conserved quantity, h. For a specific value of angular momentum, there exists a unique, finite
set of equilibriawhich may be correspond to positive definite Liapunov functionsin a constrained
sense.

With the conserved quantity, the equilibria become constrained extremum of the Liapunov func-
tion. To derive useful stability criteria we use a constrained-minimum method described by Beck
in Ref. 8. The conserved quantity affects the selection of the Liapunov function itself as well as
the necessary and sufficient conditions for the Liapunov function to be a minimum. For a specific
value of h, only certain values of ¢ are feasible, all satisfying the constraint C(¢) = h™h — 1 = 0.
Therefore, the candidate Liapunov function is augmented to include a conserved quantity term,

V= %UTMU + %W +A(hh - 1) (4.41)
where A is a Lagrange multiplier. The form of this equation is similar to the variational La
grangian function used in nonlinearly constrained optimization theory.?®> The function is described
as variational to distinguish it from the Lagrangian function commonly used in mechanics. The
variational-Lagrangian Liapunov function satisfies the positive definite requirement. Also, we
must examine more closely the requirements for the Liapunov function to be a positive definite
function. To understand why, it is useful to consider the Taylor series expansion for a quadratic
Liapunov function about an equilibrium point,

rv

vt .
V(0 +d¢) =V (0) + la—il d¢+ 0¢ lagg ] o€ (4.42)

For V' to be a positive definite function, V' must be a minimum at the origin. We introduce the
definitions for the gradient and Hessian of the Liapunov function,

=[]
| 9¢ &=o0
and 92V
H=|—
3 ]5:0

However, not all possible §¢ in state space are feasible. Rather, perturbations from the equilibrium
are constrained such that locally §¢ must be tangent to the conserved quantity surface, and therefore
perpendicular to VC (&), that is

§¢TVCO =0
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We define P as an orthogonal projection matrix, projecting 6¢ onto the perpendicular subspace

of VC. We find this projection by first defining K 2ve (¢) and letting Q(¢) be the rank-one
projection onto K. The rank-one projection operator is (see Ref. 65, Ch. 3),

KKT
Q(¢) = KK (4.43)
Then the desired projection matrix is
P=1-Q (4.44)

We define Z as a matrix whose columns form a basis for the subspace orthogonal to V', which
is the same as the range space of P. Possible state perturbations are in the range space of Z. The
arbitrary perturbation, 6¢ is replaced using the relationship 6¢ = Zd¢, where §¢ is an arbitrary
vector with dimension equal to the rank of Z. The first-order necessary condition for an extremum
involves the projected gradient,

gM)TZ=0 (4.45)

We solve Eg. 4.45 to determine the Lagrange multiplier, A, in terms of the system parameters for
each equilibrium state.

The second-order sufficient condition for V' to be aminimum is
6¢TZTHZO¢ > 0
and therefore the projected Hessian must be positive definite:
Z'HZ >0 (4.46)

Using the projected Hessian of the variational-Lagrangian Liapunov function, we can show Lia-
punov stability of the by-axis spin.

Application of Liapunov Stability to by-AXis Spin  We use the Liapunov function of Eq. 4.41
to determine the stability of the b,-axis spin with z = 0. To determine the projected gradient and
Hessian, we first calculate the projection matrix from the gradient of the conserved quantity. The
perturbed coordinates, near the statez, = (0, 1,0, be/15,0), are ¢ = (hy, 1 — hy, h3, be /Iy — pp, x).
The projection matrix is calculated from EqQs. 4.43— 4.44, where h is the magnitude of the angular
momentum vector. From the range space of P, we cal cul ate the matrix

(1—h)2+h2  —hhy 0 0
—hi(1—hy) —(1—hy)hs 0 0

Z= —hihs 24+ (1—hy)* 0 0 (4.47)
0 0 ho0
0 0 0 h

The first-order necessary condition, at this equilibrium point, is

g(M)T=0
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and yields the Lagrange multiplier,
A=-1/(2D)

Since the conditions of LaSalle’'s Theorem are met, the conditions for asymptotic stability of the
equilibria then become the conditions for the projected Hessian to be positive definite. For the
b,-axis spin, with zero damper displacement, the projected Hessian becomes

(I — I1) /111, 0 0 0
0 (I = I3)/ 15 0 0
0 0 LI,/<I)? 0 (4.48)
0 0 0 (k12 — ")/ I3

Thisdiagona matrix is positive definite if all the diagonal entries are positive. The stability condi-
tions are therefore

I, > rnax([{,fg) (449)
ge’

P = (450)
I3

The nonlinear stability analysis provides the condition missing from the linear analysis, that 7
must be a maximum moment of inertia.

Repeating this analysis for both the b, and bs-axis spins leads to the same stability conditions as
the linear analysis.

4.5 Summary

The stability analysis of the three simple spins demonstrate the advantages of including the damper
mechanism in the system model. For zero rotor momentum, the results demonstrate that the major-
axisrule for stable spinsis anecessary condition, as forecast by previous energy-sink results. But
there is another condition necessary for stability, consisting of some requirement on the damper
parameters. A spring-mass-dashpot damper, while still providing damping, may in fact destabilize
the equilibrium point. One way of stating this parameter limitation is to note that for each equilib-
rium condition there is a minimum spring stiffness, below which the equilibrium is unstable. For
non-zero rotor momentum (b, -axis spin only), the rotor momentum modifies the major-axis rule
by providing a meansto gyroscopically stabilize the equilibrium.

We succeeded in analyzing these ssimple spins analytically, but other possible equilibria are more
complex. It isunlikely that ssimple analytic expressions are even possible for these other equilibria.
However, we can start from the simple spin solutions and use numerical continuation to generate
branches of equilibria.



Chapter 5

Bifurcations of Equilibria

This chapter includes results for some of the fundamental issues of this investigation: how do
varying system parameters affect the system equilibria? These qualitative changes, or bifurcations,
affect the number and type of equilibrium solutions. The primary tool used in answering these
guestionsis numerical continuation, sometimes called Euler-Newton continuation. We first define
terms and explain some of the concepts related to bifurcations and numerical continuation. The
persistent zero eigenvalue in the system Jacobian, caused by the conserved angular momentum,
precludes using numerical continuation on the full, fifth-order system of equations. As a result
of this problem, the complete bifurcation analysis has two phases. First, we use third-order equa-
tions corresponding to equilibriain the b,-b; plane, constrained by the conserved quantity. These
equations generate bifurcation diagrams in state-parameter space for a subset of all possible equi-
libria. Later, the fourth-order equations in spherical coordinates, described in Ch. 3, are used to
apply numerical continuation to the full state-parameter space. The continuation software AUTO?
is used to perform the numerical continuation results of this chapter. We use damper location
and rotor momentum as bifurcation parameters to examine the effects of damper parameters, rotor
momentum, and inertia properties on system equilibria.

5.1 Numerical Continuation Concepts

A bifurcation indicates a qualitative change in the system dynamics as one or more control pa-
rameters are varied. Bifurcations are often classified as continuous or discontinuous, depending
on whether states of the system behave continuously or discontinuously as the control, or bifurca-
tion, parameter is changed. Furthermore, abifurcation that requires at least m different bifurcation
parameters to occur is called a codimension-m bifurcation.

The goal isto numerically generate bifurcation branches, or paths of equilibrium points in state-
parameter space, given an initial equilibrium state and bifurcation parameter. Continuation pro-
ceedsfrom theinitial point in a predictor-corrector fashion, generating branches of equilibriawhile

54
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also checking for bifurcation points. Specific tasksinclude predicting the next point, correcting the
estimated point, controlling step size, detecting bifurcation or turning points, determining branch
stability, and switching to new branches at bifurcation points. There are several techniques for
each of these tasks, each with certain advantages and disadvantages. Seydel provides a complete
description of these techniquesin his excellent text.5? We take a closer look at the method to better
understand how numerical continuation is used to characterize the damped gyrostat equilibria.

We consider the system of nonlinear equations
z =f(z,q) (5.1

representing the equations of motion in terms of the n-dimensional state vector, z, and the bifurca-
tion parameter, «.. The equilibrium state is found by solving the nonlinear algebraic equations

0=1(z,«) (5.2)

for a given . Equilibrium states, or fixed points, are defined as hyperbolic if al the Jaco-
bian’s eigenvalues have non-zero real parts. Consider the collection of equilibrium pointsin state-
parameter space when the bifurcation parameter is slowly varied. Suppose that as this parameter is
varied, a fixed point becomes non-hyperbolic, also called degenerate. If the branches of equilibria
in state-parameter space are qualitatively different after this point, the location is called a bifurca-
tion point. The degeneracy of bifurcation pointsis detected by a singularity, or zero eigenvalue, in
the system Jacobian matrix. However, not al singularities indicate the start of new branches.

Givenaninitial equilibrium state, the path in z-a space of nearby equilibriaisuniquely determined,
for afull rank system, via the implicit function theorem.%? A tangent predictor for a neighboring
point on this bifurcation branch may be found by differentiating both sides of Eq. 5.2, yielding a
Newton step

0=df = Adz + f,da (5.3)
and therefore
dz 4
— =-A"'f, (5.4)
do

where A is the Jacobian and f,, is the vector of partial derivatives with respect to ««. Examining
Eq. 5.4, it is clear that for continuation to work as planned the Jacobian must be invertible. Nor-
mally, a singular Jacobian indicates either a turning point or bifurcation point. A turning point
occurs when the branch experiences a locally infinite slope, where an element of the Jacobian
becomes singular. If f, does not lie in the range space of A, then a change of variable allows
continuation around the turning point and the branch may continue. However, if f, does liein
the range space of A, the singularity can not be eliminated and multiple solutions exist at this
bifurcation point, indicating the start of new branches.

Seydel®? provides the following formal definitions for bifurcation and turning points of a continu-
0ous, autonomous system:

Definition 5.1 (z,, a,) is a smple stationary bifurcation point if the following four conditions
hold:
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1. f(zy, ) =0
2. rank A(z,, ) =n —1
3. £.(z,, ;) € Tange A(z,, o)

4. exactly two branches of stationary solutions intersect with two distinct tangents

A simple bifurcation refers to one with a single zero eigenvalue, and therefore a Jacobian rank of
n — 1. Theformal definition for aturning pointis:

Definition 5.2 (z,, a,) is a turning point of stationary solutions if the following four conditions
hold:

1. f(z,,0,) =0
2. rank A(z,, ) =n—1
3. rank [A(z,, @) | £4(20, a0)] = 1

4. thereisa parameterization z(o), a(o) with z(c,) = z,, a(o,) = a, and d*a(o,)/do? # 0

Condition 3 results from f,(z,, «,) and A(z,, a,) spanning n-space. Condition 4 formalizes
the idea that an alternate local parameterization exists which alows continuation around turning
points.

The continuation software AUTO? uses an arclength parameterization rather than a bifurcation
parameter-based approach for continuation. The equations are parameterized by arc length, s,
including the bifurcation parameter itself, « = «a(s). The primary advantage of this approach is
that it avoids singularities at turning points.

Figure 5.1 illustrates an example bifurcation diagram. Point A is a bifurcation point; specifically
it isapitchfork bifurcation. Points B and C are turning points. Bifurcation diagramsillustrate the
change of some scalar measure of the state z asafunction of the bifurcation parameter. For systems
with larger dimensional states, there are many different possible scalar measures. The simplest and
often most enlightening scalar measure is to use one of the state variables, although this creates n
different diagrams. Functions of the states, such asthetotal energy or system Hamiltonian could be
used as scalar measures for bifurcation diagrams.?®* The challenge is to select the proper scalar
measure which best illustrates the bifurcation phenomena and the resulting branches of equilibria.

A bifurcation, such as a pitchfork bifurcation, may occur for a system of algebraic equations,
but any model is subject to small errors or perturbations. To examine the effect of these model
perturbations we consider the following scalar example. A scalar equation exhibiting a pitchfork
bifurcation is

0=19"+ay (5.5
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0 01 02 03 04 05 06 07 08 09 1
Bifurcation Parameter, a

Figure 5.1: Example bifurcation diagram

We perturb the equation by adding a single perturbation parameter, ¢:
0=y’ +ay+¢ (5.6)

Applying numerical continuation to Eq. 5.6 yields significantly different results for ¢ = 0 and
¢ # 0, illustrated in Fig. 5.2. In Fig. 5.2(a), the pitchfork is unperturbed. In the perturbed case,
the bifurcation is destroyed, producing two branches of equilibria: one with a turning point and a
separate continuous branch. This unfolding of the pitchfork bifurcationisillustrated in Fig. 5.2(b).
Refs. 62 and 28 include more detailed examinations of bifurcation theory and unfolding.

Since our system model is based on simplifying assumptions, relaxing these assumptions may in-
troduce perturbationsthat break, or unfold, bifurcations of equilibira. We examine several possible
perturbations in Ch. 7. Unfolding is also used to interpret the equilibria of several special cases,
suchasb = 0 and h, = 0. The equilibriafor b # 0 and h, # 0 are perturbations of the special
cases, and we examine the unfolding of certain bifurcations later in this chapter.

5.2 Characterizing Global Bifurcations of Equilibria

In this section we examinein detail the bifurcationswhich occur for system equilibriaas abifurca-
tion parameter is varied. Bifurcations for the different system states are considered as well as the
equilibria characterized by the angular momentum vector.

We apply numerical continuation to the full-system equations. These equations are reduced to
4th order by converting angular momentum to spherical coordinates. As the damper location, b,
and spring stiffness, k, are normally fixed parameters for a given spacecraft, the most meaningful
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Figure 5.2: Unfolding of a pitchfork bifurcation. The symmetric pitchfork is destroyed by a small
perturbation, resulting in two separate branches.

bifurcation parameter isthe rotor momentum, /,. We select h,, astheinitia bifurcation parameter,
but in the next section we also use damper position as the bifurcation parameter.

The existence of different types of equilibriaisillustrated by the numerical continuation results.
For relatively simple cases like the ssimple spins of Ch. 4 we have analytical solutions for the
equilibrium points and stability conditions. For the more complex equilibria, found numerically
by continuation, the stability of equilibrium branchesis determined numerically.

5.2.1 Equilibria on the Momentum Sphere

For zero external torques, the magnitude of h isconstant. All possibleh lie on aspherein thethree-
dimensiona space of momentum components, (h1, ho, h3). This momentum sphere has radius
h = |h|. For the non-dimensionalization described in Ch. 3, h = 1. The momentum sphere is
useful for describing different states of atorque-free system. System dynamics can be represented
astrgjectories of h on the momentum sphere. Individual equilibrium states are single points on the
momentum sphere, but a set of equilibriafor varying system parameters may appear on the sphere
aslines, or branches, of equilibria.

We use numerical continuation with the parameters of Table 5.1 to produce multiple branches of
equilibria for varying h,, illustrated in terms of hq, hs, and h3 in Fig. 5.3. Each point on these
branches represents an equilibrium state in terms of the angular momentum components. These
components define the direction of the angular momentum vector for different equilibria. It is
useful to note that for equilibrium, Eq. 3.68 requires that the angular momentum vector and the an-
gular velocity vector be aligned. Therefore, thelocation of equilibriaon the momentum sphere also
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Table 5.1: System parameters for first example of gyrostat equilibria

Inertia Properties Damper Parameters

I, = 0.40
I, = 0.28
I; = 0.32
I, = 0.04

k = 0.40
b=0.33
e =0.10
c=0.10

o
ol

Variable h1
o

-0.5

Variable h3

Variable h2

Figure 5.3: Equilibriain h-hy-h3 Space
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Figure 5.4: Equilibria on the momentum sphere

indicates the direction of the steady spin. From the natural symmetry of the model about the b;-b,
plane, this perspective is enhanced by showing these equilibria on the momentum sphere, shown
in Fig. 5.4, where the center of the sphere is at the origin of the body-fixed coordinate system.
Although the momentum sphere graphically provides a useful global perspective of the possible
equilibria, this view does not show how h, varies along the equilibrium branches. The momen-
tum sphere representation is not a true bifurcation diagram in that we lose the correlation with the
bifurcation parameter. Another shortcoming of this perspective is that the behavior of the damper
particleis not discernible. To provide the most complete information, the momentum sphere view
of the equilibriais supplemented with a series of 2-dimensional bifurcation diagrams, each using
anindividual state asthe scalar measure. Before these bifurcations diagrams are presented, we first
examine the different types of equilibria apparent from Fig. 5.4.

5.2.2 Types of Equilibria

There are several different types of equilibriawhich occur for varying h,. The different types are
defined below and identified on Fig. 5.5. We use a simple model of the nominal configuration
to illustrate these equilibria. The model is shown in Fig. 5.6, defining the body axes, rotor spin
axis, damper motion direction, damper displacement and damper location. Six different types of
equilibrium states are defined using this system model; each typeisillustrated in Figs. 5.7— 5.14.
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Figure 5.8: Equilibrium Type 2A
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Figure 5.10: Equilibrium Type 3A
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The first three types of equilibria (Figs. 5.7-5.11) are the ssmple spins about the three body axes.
Analytical equilibrium solutions and stability conditions were presented in Ch. 4. Nominal spin
equilibria, Type 1, have z = 0, but may include h, # 0. Spins about the b,-axis are Type 2A and
Type 2B, which require h, = 0. For Type 2A, the damper is not displaced, but « # 0 for Type 2B.
The Type 3A equilibrium hasz = h, = 0. Type 3B equilibriarequire z £ 0 and h, # 0.

The remaining branches of equilibriafall into one of three general types. Equilibrium Types 4-6
(Figs. 5.12-5.14) are not isolated states, but rather a collection of similar equilibria. Type 4 isthe
closed set of all equilibriawith h in the b;—b; plane, not including the simple spins. This type of
equilibriais characterized by a non-zero damper displacement, = # 0, but p,, = 0. Examples of
Type 4 equilibria exist for both h, = 0, and h, # 0. Equilibrium Type 5 is the closed set of all
equilibriain the b, plane, not including the ssmple spins, and for which z = 0 and p,, # 0.
Equilibrium Type 5 requiresthe rotor to gyroscopically stabilize the spin, so that for these branches
ha # 0. Thefina type of equilibrium, Type 6, is the closed set of equilibriawith h not in either
the b;—b, or b;—b; planes, not including Type 2B. These Type 6 equilibria are characterized in
genera by non-zero componentsfor z = (hy, ha, hs, p,, x). Both the damper and rotor are required
to stabilize these off-axis equilibria.

Most of the different equilibrium types are identifiable on the momentum sphere, but to completely
distinguish them requires examination of the state-parameter bifurcation diagrams. Once their
existence is established, the stability of these equilibriais considered.

5.2.3 Bifurcation Diagrams: A First Example

By numerically generating different equilibria for different values of h,, we produce bifurcation
diagrams that illustrate where multiple equilibriaexist. Linear stability analysisis most often used
to determine the stability of the branches between turning points and/or bifurcation points. In
some cases, pure imaginary eigenvalue pairs exist. To determine stability in these cases, we use
anumerical version of the Liapunov analysis from Ch. 4. Unless otherwise noted, solid lines are
branches of stable equilibria and dashed lines are branches of unstable equilibria. For this first
look at bifurcations for this problem, we present bifurcation diagrams for each of the five states. In
subsequent discussions, pertinent diagrams are presented in the main text while complete sets of
diagrams are included in the appendices.

Using the data in Table 5.1, we produce h, bifurcation diagrams, shown in Figs. 5.15-5.19. This
parameter set describes a system with the nominal spin axis as the major axis. From the stability
conditions derived in Ch. 4, Type 2 and 3 equilibria are unstable. Type 1, the nominal spin, may
be stable or unstable depending on the value of A,,.

We first produce the h;-h, bifurcation diagram, shown in Fig. 5.15. The Type 1 branches are
easily identified. Two bifurcation points exist: one branchesinto Type 5 equilibriaand the second,
defined by Eq. 4.9, clearly marks the beginning of a new branch as well as a stability change for
the Type 1 equilibria. AsseeninFig. 5.4, dl the Type 5 and Type 6 equilibriaare unstable. For the
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Figure 5.15: Bifurcation diagram: h, vs. h, forb =0.33, k = 0.4

first time, we see more detail for the equilibriain the b,1—b; plane. These Type 4 equilibria have
both stable and unstable branches. This behavior will be more closely examined in Sec. 5.3. Since
the rotor is aligned in the b, direction, varying , has significant effects on the possible equilibria
The natural symmetry of the problem creates symmetry throughout the bifurcation diagrams.

We next generate the h,-h, bifurcation diagram, shown in Figure 5.16. This perspective clearly
displays the equilibria branching out of the b;—b; plane. These Type 5 and Type 6 equilibria
are al unstable for this combination of inertia properties and damper parameters. The hy, = 0
axis is marked with a dash-dot line, indicating a mixture of stable and unstable equilibria from
different equilibrium types. This situation occurs often, where there are many stability transitions
taking place on a single, usually zero, axis. In these cases, a dash-dot line is used to signal a
mixed stability situation. The precise stability changes are always more easily distinguished in
aternate state-parameter bifurcation diagrams. This diagram also displays the inherent symmetry
of the problem with respect to the b;—b; plane. The branches of Type 5 and 6 equilibria exist in
Ssymmetric pairs.

The bifurcation diagram illustrating h3 for varying h,, Fig. 5.17, clearly shows the bifurcation
points where new branches of equilibria emanate from the b;—b, plane. Type 5 equilibriaare co-
located with Types 1 and 2 equilibriaaong the h; = 0 axis, obscuring in this view the bifurcation
point marking the beginning of the Type 5 branches. The pitchfork bifurcations marking the start of
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Figure 5.16: Bifurcation diagram: hs vs. h, for b =0.33, k = 0.4

Type 6 and Type 4 equilibrium branches are evident, creating in each case two separate branches.
Referring back to Fig. 5.4, the Type 6 equilibriaexist in two separate “figure eight” branches which
in Fig. 5.17 appear intertwined. The Type 4 branches are distinguished by their A5 sign. Aswith
Fig. 5.15, the Type 4 equilibriain the b;—b; plane show a mixture of branches and stability to be
examined more closaly in Sec. 5.3.

The bifurcation diagram for p,, shown in Fig. 5.18, is similar to the h, diagram. Two sets of
bifurcation points exist: where Type 5 branches originate from the b;—b3 plane and where Type 6
branches emanate from the Type 5 equilibria.

Figure 5.19 looks complex, but this z-h, bifurcation diagram consists of primarily Type 4 and
Type 6 equilibrium branches. These, aong with Type 2B, are the only equilibria with non-zero
damper displacement. Some of the same bifurcation points as seen in previous diagrams are ev-
ident. Symmetric pairs of equilibrium branches exist as in earlier diagrams. The simple by-axis
spins are distinguished, one with zero damper displacement and one with the maximum damper
displacement. On the momentum sphere these two points appear the same, but Figs. 5.18-5.19
clearly show these two equilibria differ in the damper variables. As predicted by the stability
conditionsin Ch. 4, both Type 2A and 2B equilibriaare unstable for 7, < I;.
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Figure 5.17: Bifurcation diagram: h3 vs. h, forb =0.33, k = 0.4

5.2.4 Summary of Equilibria

We considered a major-axis gyrostat, as defined in Table 5.1, and found that distinct types of equi-
libriaexist, but only afew are stable. The stable equilibriamay be useful, like the nominal spin, or
perhaps detrimental, as potential trap states. The nominal spin equilibrium (Type 1) is stable given
sufficient rotor momentum. Some branches of Type 4 equilibria are also stable. Obvioudly, the
effects of the damper parameters and system inertia properties must be examined. In the following
section, the equilibriain the b;—b; plane are considered more closely. The effects of the damper
parameters and rotor momentum on the various equilibria are evaluated numerically. Subsequent
sections consider the effects of damper parameters and inertia properties on equilibriain the full
state space.

5.3 Bifurcations in the b; — b Plane

We focus on the equilibria in the b;— b plane for the major-axis gyrostat defined by Table 5.1.
The previous section demonstrates how numerical continuation is used to produce branches of
equilibria. The method is dependent on detecting a singular Jacobian to identify singular points:
turning points and bifurcation points. However, for a system with a conserved quantity, there



Ralph A. Sandfry Chapter 5. Bifurcations of Equilibria 70

0.2 oA ‘

0.15 B \ 1

(=]
o
)]

T
~
IN
(o))
-,
I

Variable p
o
i
i
i
:

b
i
1
i
i
i
i
i
i
i
i
i
1
i
i
i
1
I -
5
i
i
i
i
i
i

©

o

(&)
T

”
N
I

_0.17 S o PR i

N e ="

-0.15¢ 1

_02 1 1 1 1 1 1 1 1
-0.5 —04 -03 -0.2 -02 O 01 02 03 04 05

Parameter ha
Figure 5.18: Bifurcation diagram: p,, vs. h, forb =0.33, k = 0.4

existsazero eigenvalue at al points. Reducing the system to four first-order differential equations
is possible using the spherical coordinate form of the equations described in Ch. 3. However, there
is asingularity in the matrix that transforms the h equationsto (5, 6, ¢). We choose the spherical
angles to control where the singularity occurs, and can effectively explore equilibria in the full
state space. However, for the purpose of investigating the b;— b; plane, an alternate reduction
is used that allows numerical continuation in athree-dimensional state. As a result, a two-phase
approach is used in examining the complete bifurcation topology. In the first phase, we focus on
the equilibriain the b;—b; plane. Subsequently, bifurcationsin the remaining portion of state space
are examined using the spherical coordinate equations.

Since the angular momentum must lie in the b;— b, plane, this limits the possible equilibria to
Types1, 3and 4. Chinnery and Hall reduced the equationsfor the similar B + P problem by noting
that h, = 0 requires p,, = 0 at equilibrium.’ These conditions are also true for the B + R + P
model. Substituting these conditions into the full equations reduces the system to two equations
with three variables. The first integral due to conservation of angular momentum, h™h = 1, is
added to the system of equations. Thisresultsin three equationsin the reduced state space, h 1, hs
and x, for which the Jacobian is only singular at turning points or bifurcation points:

—bex(MA — h3) + haA(I3 + ec’2®) — bzl = 0 (5.7)
e[hs] + bex )] - [haw('I] — b%e) — I3bA] — D*kx = 0 (5.8)
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Figure 5.19: Bifurcation diagram: = vs. h, for b = 0.33, k = 0.4

1—hi—h; = 0

D = I|(I+¢ee's?) — (bex)?
I = -1,
A= hy—1

71

(5.9)

Applying numerical continuation to these equations we find branches of equilibriain the b;— by
plane while varying system parameters. We first examine the bifurcations which occur for h, =
0. Asdiscussed in Ch. 3, the resulting equations are identical to those for the B + P case.'’
Subsequently, we examine bifurcations for the complete B + R + P model.

5.3.1 Damper Location Bifurcations, Zero Rotor Momentum

For h, = 0 the equations of motion are identical to those developed in Ref. 17 for B + P with a
similarly configured damper (see Sec. 3.6). Choosing b as the bifurcation parameter, AUTO isused
with the 3rd-order equations to generate bifurcation diagramsfor h, = 0 and k£ = 0.4, asshown in
Figures 5.20, 5.21 and 5.22. The h3 = 0 and h; = 41 branches correspond to Type 1 equilibria.
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Figure 5.20: Bifurcation diagram: h3 vs. b for k = 0.4, h, = 0. A subcritical pitchfork bifurcation
occurs, bifurcating Type 1 equilibriainto Type 1 and Type 4 branches.

Similarly, the h; = 0 and hs = +1 linesindicate Type 3A equilibriafor different b values.

The stability of the Type 1 branches is defined by Eq. 4.9 which determines where an eigenvalue
of the Jacobian crosses the imaginary axis. A zero eigenvalue of the Jacobian may also indicate a
bifurcation point. For this spin about by, the stability changes at the bifurcation point. A stability
change is the most common case, but other bifurcation points may exist without a stability change
across the point. The subcritical pitchfork bifurcation in Fig. 5.21 is an example of the latter
case. For any value of b, the spin about the b; (intermediate) axis is unstable. For both of these
bifurcation points, the new branches are Type 4. Of considerable interest is the separate, stable
branch of Type 4 equilibria. This branch corresponds to the stable Type 4 branches seen in h,
bifurcations. The bifurcation diagram for h, = 0 and £ = 0.4 is captured in three dimensions
in Fig. 5.23. Figure 5.23 in the h,—h3 plane is simply acircle of radius h = 1. Conservation of
angular momentum requires that all equilibrium solutionsfor h, = 0 lie on the h;—h3 unit circle.
Figures 5.20, 5.21, and 5.23 seem to indicate possible new transcritical bifurcation points where
pitchfork branches stemming from the A3 = +1 axis cross. In fact, when compared to Fig. 5.22 it
is clear that these branches have different values of damper displacement, =, and therefore do not
actualy intersect in the full state space.

For different values of spring stiffness, £, the resulting bifurcation diagrams may include subcritical
or supercritical pitchfork bifurcations. Figure 5.20, for £ = 0.4, includes a subcritical pitchfork
bifurcation. For larger values of spring stiffness the pitchfork becomes supercritical, as shown
in Fig. 5.26 for £ = 0.7. The transition to supercritical pitchforks is accompanied by a stability
change for the Type 4 equilibrium branches emanating from the bifurcation point. Reference 17
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Figure 5.21: Bifurcation diagram: h, vs. b for k = 0.4, h, = 0. A subcritical pitchfork bifurcation
occurs, bifurcating Type 3A equilibriainto Type 3A and Type 4. The Type 1 - 4 bifurcation points
arevisibleaongthe h; = +1 lines.
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Figure 5.22: Bifurcation diagram: x vs. b for k = 0.4, h, = 0. Boththe Type 3A - 4and Type l- 4
pitchfork bifurcation points are on the x = 0 axis.
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Figure 5.23: Bifurcation diagram in three dimensions. £ = 0.4 and h, = 0. The pitchfork
bifurcations occur in sets of two points each.

did not include the pitchfork bifurcation which occurs for spins about the b axis. Figure 5.21
shows this pitchfork in the h;—b plane.

A transcritical bifurcation also appears for a critical value of k.. = 0.50075. This transcritical
bifurcation is shown in Fig. 5.24. For larger values of spring stiffness, as shown in Fig. 5.25 for
k = 0.51, the pitchfork has unstable Type 4 branches, but have turning points that produce stable
Type 4 branches. If the system were to operate in parameter space on the stable nomina spin
branch, but near the bifurcation point, asmall increasein b causes the system to jump to the nearest
stable equilibrium point. Thisdiscontinuity in stable equilibriais caled ajump phenomena. In this
case, the change to the stable Type 4 state would be alarge jump. A more smooth transition occurs
if the system has a higher spring stiffness, resulting in a supercritical pitchfork as in Fig. 5.26.
Clearly, we want to have a sufficiently stiff spring to avoid the jump phenomenon.

For h, = 0, simple spins about b; have zero damper displacement and, for this set of parameters,
b; is not the major axis, so they are always unstable. The other stability condition for this equilib-
rium, Eq. 4.20, defines the critical point where an eigenvalue passes through the imaginary axis.
This defines the relationship for the bifurcation point:

b=1/(Is — [})(kI} — ec) J&? (5.10)

This analytical expression locates the subcritical pitchfork bifurcation point. However, this point
only existsfor h, = 0. Non-zero rotor momentum breaks the natural symmetry in the problem and
the associated bifurcation structures.
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Figure 5.24: Bifurcation diagram:

hs vs. b for k = 0.50075, h, = 0. A transcritical bifurcation
occurs for Type 4 equilibria.
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Figure5.25: Bifurcation diagram: h3 vs. b for £ = 0.51, h, = 0. For k greater than the transcritical

value, there are separate branches of equilibriawith turning points. The Type 1-4 pitchfork remains
subcritical.
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Figure 5.26: Bifurcation diagram: hs vs. b for k£ = 0.7, h, = 0. For sufficiently large k, the
separate Type 4 branch does not exist. The Type 1-4 pitchfork bifurcation is supercritical, with
stable Type 4 branches.

The symmetry of the bifurcation results thus far is a product of the natural symmetry of the prob-
lem, discussed in Sec. 3.6. Symmetry in the b;—b; plane is defined by the transformations in
Egs. 3.78 and 3.81. The only vaue of i, that provides the symmetry of both Egs. 3.78 and 3.81 is
h, = 0. For the h, = 0 case, the equilibrium branches are the same for +h; and +h3, athough
the damper displacement, =, aso changes sign. By allowing the rotor momentum to vary, this
symmetry is broken as are some of the bifurcation branch structures.

5.3.2 Rotor Momentum Bifurcations

We examine bifurcation diagrams with rotor momentum, 4., as the bifurcation parameter. Unlike
b or k, the rotor momentum is easily changed by applying a rotor torque. Thisinherent variability
makes h,, an especialy important parameter to study. The variable system parameters considered
thusfar includeb, k£, and h,,. To examinethe possible bifurcations, we hold two parameters constant
while the third takes the role of bifurcation parameter.

Effects of Varying Spring Stiffness on Rotor Momentum Bifurcations

Holding the damper location constant, we use numerical continuation to generate branches of
equilibriafor varying h, and different values of spring stiffness, k. Figures 5.27— 5.28 show the
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bifurcationsfor £ = 0.4 and b = 0.33. Thisvalue for b coincides with the transcritical bifurcation.
The equilibriabranches remain symmetricin +h, with respect to 3, as expected from physical ar-
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Figure 5.27: Bifurcation diagram: h; vs. h, for k£ = 0.4, b = 0.33. A bifurcation point occurs on
each nominal-spin equilibrium branch, h; = +1. The remaining branches are Type 4.

guments as well as the symmetric transformations of Sec. 3.6. However, the number and character
of equilibrium solutions change for different ranges of +h,,, as shownin Table 5.2.

Table 5.2: Number of equilibriafor £ = 0.4, b = 0.33
ha Equilibria Stable Equilibria

0 16 6
£0.025 12 4
+0.04 10 3
£0.1 6 3
£0.15 2 1

The h; = 0 axisof Type 1 equilibriain Fig. 5.28 is stable for a region between the two bifurcation
points, shown as a solid line. Recall that this axis correspondsto h; = +1. For regions of |h,|
greater than the magnitude of the bifurcation values, the axis is denoted by the dash-dot line. This
line type indicates one stable and one unstable branch, more easily seen in Fig. 5.27. We use the
dash-dot line to indicate mixed stability throughout this dissertation.
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Figure 5.28: Bifurcation diagram: h3 vs. h, for £ = 0.4, b = 0.33. Pitchfork bifurcations occur on

the nominal spin-axis (h; = 0), creating Type 4 branches. The Type 4 equilibriaare symmetric for
+ha.

Changing the spring stiffness as with the h3;—b bifurcation diagrams, we find changes to the hs—
h, diagrams. Figure 5.29 shows how the symmetric pitchfork bifurcations move further from the
origin as k isincreased. Also, two sets of limit points move in opposite directions and touch at
h, = 0. This correspondsto the transcritical bifurcation of Fig. 5.24. The number and character of
equilibrium solutions for different ranges of &, isshown in Table 5.3.

Table 5.3: Number of equilibriafor £ = 0.50075, b = 0.33
h, Equilibria Stable Equilibria

0 10* 4*
+0.004 12 4
+0.03 10 3
+0.08 6 3
+0.15 2 1

*Includes two transcritical bifurcation points

Increasing the spring stiffnessto £ = 0.7 results in the bifurcation diagram shown in Fig. 5.30.
The pitchfork bifurcation points move further from the origin. For systems with greater spring
stiffness, more momentum may be stored in the rotor while retaining the stability of the nominal
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Figure 5.29: Bifurcation diagram: h3 vs. h, for £ = 0.50075, b = 0.33. For this k, two Type 4
limits points coalesce into the transcritical bifurcation of Fig. 5.24.

spin (about b,). Thisplot isfor a specific damper location, in this case b = 0.33. For this damper
location, fewer equilibrium solutions are present for the larger spring stiffness (Table 5.4). Asthe
spring stiffnessis further increased, the nominal spin becomesthe only stable spin for any value of
ha, shownin Table 5.5 . This steady spin is stable for an even larger range of h, (Fig. 5.31).

Table 5.4: Number of equilibriafor £ = 0.7, b = 0.33
ha Equilibria Stable Equilibria

0 4 1
£0.05 8 3
+0.065 4 1
+0.1 2 1

The bifurcation diagrams for all these cases, including those for ~; and z, are included in Ap-
pendix B.

Effects of Varying Damper Location on Rotor Momentum Bifurcations

For a constant spring stiffness, the bifurcations for varying rotor momentum are produced for
different values of damper location, b. Unlike spring stiffness, the damper location of zero is phys-



Ralph A. Sandfry Chapter 5. Bifurcations of Equilibria 80

3
©
N

T

OA_‘_‘_‘_‘_‘_‘-‘_‘_

Variable h

! o N |

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Parameter ha

Figure 5.30: Bifurcation diagram: h3 vs. h, for k = 0.7, b = 0.33. Fewer stable Type 4 equilibria
exist for thisvalue of k.
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Figure 5.31: Bifurcation diagram: h3 vs. h, for £ = 1, b = 0.33. The Type 4 branches do not have
any turning points and are entirely unstable.
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Table 5.5: Number of equilibriafor £ = 1,5 = 0.33

h,  Equilibria Stable Equilibria
0 4 1
+0.1 2 1
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ically meaningful. Figure 5.32 is a bifurcation diagram for the b = 0, k£ = 0.4 case. The Jacobian
for these equilibriaincludes, in addition to the zero eigenval ue associated with the conserved quan-
tity, apair of eigenvalues on the imaginary axis. Therefore, the Ligpunov function of Ch. 4 is used
to numerically determine the stability of the branches.
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Figure 5.32: Bifurcation diagram: h3 vs. h, for b = 0, £ = 0.4. In addition to the pitchfork
bifurcations along the nominal-spin branch, there are bifurcations on the Type 4 branches. At
hs = +1 arethe Type 3A and Type 3B equilibrium states. Thisisa special, organizing case that is
perturbed by b # 0.

Allowing b to increase slightly, asin Fig. 5.33, perturbsthe b = 0 bifurcation into new equilibrium
branch structures. This is an example of the unfolding of a bifurcation structure by adding a
new parameter. In this case, a non-zero b is the perturbation parameter which unfoldsthe b = 0
bifurcation. These bifurcations are actually codimension-2, requiring the original parameter 5,
and the second parameter b. In this sense, all bifurcation diagrams for A, # 0 and b # 0 are
codimension-2. The bifurcation structure evolves as b increases, athough the number of branches
remains basically the same. Figures 5.34 and 5.28 show the changing h;—h,, bifurcations. The pair
of nominal spin pitchfork bifurcations, for h, = 41, occur for smaller rotor momentum magnitude
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stability changes due to Eq. 4.9, and the nominal spin isunstable for small h,,.

as b increases. As b passes the stability threshold defined in Eq. 4.9, the Type 1 equilibrium
branches change their stability, as seenin Fig. 5.35.

The bifurcation diagrams for all these cases, including those for h; and x, are included in App. B.

5.3.3 Damper Location Bifurcations, Non-Zero Rotor Momentum

For h, # 0, the h; symmetry is broken and the bifurcation diagram structures that are symmetric
about the h;—b plane for h, = 0 are also broken. Figure 5.36 shows how a small perturbation
from h, = 0 breaks the pitchfork bifurcation of Fig. 5.21 into two separate branches, including a
saddle node. Thisisanother example of a bifurcation unfolding, with A, acting as the perturbation
parameter in this case. These are codimension-2 bifurcations, with b and A, being the two parame-
ters necessary for the existence of these bifurcations. While non-zero rotor momentum breaks the
symmetry of the h,—b bifurcations, it does not unfold the pitchforks seen in the h3—b bifurcations.
However, the Type 1 bifurcation pointsfor h; = +1 are affected.

The two subcritical pitchfork bifurcations for positive and negative b spins (Type 3A), which for
h, = 0 areidentical and symmetric about the h3;—b plane, diverge for non-zero wheel momentum.
For h, = 0.01, Fig. 5.37 clearly illustrates this effect. The number of equilibrium branches which
crossthe b = 1 line agree with Table 5.2: 4 stable and 8 unstable equilibrium points.

As h,, increases further, the nature of the bifurcation diagram continues to change. Figures 5.36—
5.39 show how the pitchfork bifurcation for positive b; spins (the pitchfork to the right) transitions
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from a subcritical to a supercritical pitchfork as the bifurcation value of b increases. The pitchfork
to the left, for negative b, spins, remains subcritical but the bifurcation value of b decreases. As
h, continuesto increase, thislatter pitchfork eventually disappearsfor h, = hy = 1. At this point
all the system momentum is stored in the wheel and the platform is stationary in inertial space.

For each combination of system parameters discussed in this section, complete sets of bifurcation
diagrams are included in App. B.

5.4 Effects of Spring Stiffness and Damper Location on Global
Equilibria

In Sec. 5.3, we studied the equilibria and bifurcations that occur in the b,—b; plane. In this and
following sections, the focus returns to the global equilibria. In examining the b;—b; equilibria,
bifurcation parameter b is especially useful in examining bifurcations of the nominal spin. The
resulting bifurcation diagrams also provide a basis to compare results with previous works for a
similar B+ P model. For this section, h, is used exclusively as the bifurcation parameter. The
effects of spring stiffnessand damper location are examined through different setsof h,, bifurcation
diagramsfor discrete changesin k and b.

The momentum sphereisauseful representation of the global equilibriafor the B + R + P system.
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supercritical, whereas the pitchfork for 2; = —1 remains subcritical.

As previously described, an equilibrium point on the sphere indicates the direction of the steady
spin angular momentum and angular velocity vectors. To completely describe the equilibria, ad-
ditional bifurcation diagrams are included which show the equilibriafor varying h,. Bifurcations
of branches out of the b;—bs plane exist, generating equilibriaof Types 2, 5 and 6. Figure 5.4 and
Figs. 5.15-5.19 show an example of the global equilibria. Changing spring stiffness or damper
location can substantially alter the nature of these equilibria.

Table 5.6 defines the system parameters used throughout this section, corresponding to a major-
axis, nominal-spin configuration. The possible combinations of k£ and b are infinite, but to explore

Table 5.6: System parameters for gyrostat equilibria, varying k& and b

Inertia Properties Damper Parameters

I, =0.40 e=20.10
I, =0.28 c=0.10
I, =0.04

the parameter space we hold one parameter constant and vary the second. The combinations of
these parameters investigated are represented in Fig. 5.40. Complete bifurcation diagrams for the
momentum sphere and the state variables versus rotor momentum are included in Appendices C—
D.
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5.4.1 Effects of Changing Spring Stiffnessk

The global equilibria for different values of £ are calculated and presented on the momentum
sphere in Fig. 5.41. A broader range of k is needed than in Sec. 5.3 to capture the significant
changes to the equilibria. In addition to the effects discussed in Sec. 5.3, changing spring stiff-
ness also affects the Type 6 equilibria branches. Figure 5.41(a) shows that there are two distinct
versions of Type 6 branches. One version bifurcates from Type 4 and Type 5 branches, seen in
Figure 5.41(a) as rings of equilibria about the b;-axis. The second version of Type 6 equilibria
bifurcates from Type 4 equilibria. On the momentum sphere, the Type B state appears to be a
bifurcation point with Type 5 equilibria, but this Type 2B equilibrium has a non-zero damper dis-
placement and does not coincide in state space with Type 5 equilibria. All of the Type 2, 5, and 6
equilibriaare unstable for this combination of system parameters.

As k increases, atranscritical bifurcation is passed and the two distinct Type 6 branches merge into
one, as shown in Fig. 5.41(b). The equilibria remain unstable on either side of the turning point.
Further increases in £ result in slight modification of the Type 6 branches, creating a slimmer
“figure-8”" branch on the momentum sphere.

To understand how changing spring stiffness affects the bifurcations relative to /,, we look more
closely at the bifurcation diagrams for hs vs. h,, as shown in Fig. 5.42. In Figs. 5.42(a)-5.42(b)
we see the new Type 6 branches of equilibria. In Fig. 5.42(a) the Type 6 equilibria bifurcate from
both the Type 4 and Type 5 branches. The Type 1 and 5 branches are located along the h; = 0 axis,
creating a mixture of stable and unstable equilibriaindicated by the dash-dot line. Figure 5.42(b)
illustrates the passing of the transcritical bifurcation; the Type 6 branches bifurcate only from the
Type 5 branches.

In genera, increasing the spring stiffness affects the bifurcation points of Type 6 equilibrium
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branches. However, for I; > I3 > I, the only stable equilibria lie in the 61—63 plane. These
include the nominal spin (Type 1) and canted-axis (Type 4) equilibria.

5.4.2 Effects of Changing Damper Location)

The global equilibriafor different valuesof b are cal culated and presented on the momentum sphere
in Figs. 5.43-5.45.

In general, increasing the damper position parameter, b, produces the same qualitative effects on
the equilibria structure as decreasing the spring stiffness, k.

Asin Sec. 5.3, we examinethe b = 0 case. Asb — 0, the Type 6 equilibria collapse to the b;—b.
plane, and h; — 0. For this case, Type 6 equilibria (x # 0) are distinct from Type 5 equilibria
(r = 0). Placing the damper at the origin produces linearly marginal equilibria for most of the
equilibriain the b;—b, plane. To establish the stability of these branches, the Liapunov function
of Ch. 4 isused to numerically determine the stability of these branches.

The unfolding of the b = 0 set of equilibriais evident in the bifurcation diagrams for b = 0.02.
Figure 5.43(a) shows the Type 6 equilibria perturbed from the b;—b, plane. Another useful per-
spectiveis shown in Figs. 5.44(a)— 5.45(b).

For the h,—h,, and hs—h, bifurcation diagrams, the Type 4 and Type 6 equilibria share some of the
same h; and h3 values for b = 0 (Figs. 5.44(a) and 5.45(a)), but for b = 0.02 the perturbation is
evident as these branches diverge (Figs. 5.44(b) and 5.45(b)).
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5.5 Effects of Alternate Inertia Properties

The inertia properties of arigid body or gyrostat are key parameters affecting equilibria and sta-
bility. In Ch. 4, some analytical results were derived related to inertia properties for the stability
of simple spins. For more complex equilibria, we use numerical analysis to evaluate stability. In
this section, the model’sinertia values are permuted in rel ative magnitude and used with numerical
continuation to investigate the effects on equilibria and stability.

We define a gyrostat designed to spin about a major axis as an oblate gyrostat (7; isthe maximum
moment of inertia). Similarly, a gyrostat designed to spin about a minor axis is denoted a prolate
gyrostat (1; isthe minimum moment of inertia).

5.5.1 Oblate Gyrostat

All the previous results correspond to an oblate gyrostat, with 7, > I] > I3 > I,, and are not re-
peated. However, we consider the oblate gyrostat with I, > I > I, > I3. Numerical continuation
isapplied to the model with system parameters defined in Table 5.7.

Table 5.7: System parameters for oblate gyrostat equilibria, 7o > I3

Inertia Properties Damper Parameters

I; =0.40 k = 0.40
I, =0.32 b=0.33
I3 =0.28 e =0.10
I, =0.04 c=0.10

Figure 5.46 illustrates severa key points, whereas complete results are included in App. E. For
I, > I3, severa stability changes occur. All Type 3 and Type 4 equilibriaare unstable. Previously
unstable Type 6 equilibria are stable. Figure 5.46(b) shows the turning point marking the stability
change in the Type 6 branches. The Type 2B spin is stable, but for alower & value the Type 2A
spin may be stable if the stability conditions of Egs. 4.49—4.50 are met.

5.5.2 Prolate Gyrostat

A gyrostat designed to spin about an axis of least inertia is an important configuration in satellite
design. Asdiscussed in Ch. 2, the gyroscopic stabilization provided by arotor makes prolate dual-
spin satellites possible, even with energy dissipation. One limitation of the model considered here
is the presence of energy dissipation only on the rigid body. For a large, dual-spin satellite, the
effects of energy dissipation on the rotor itself are important. Previous works®® %2 have shown
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Figure 5.46: Equilibria of oblate gyrostat, 7, = 0.28, I, = 0.4, and I3 = 0.32

that a prolate gyrostat, with damping throughout, can be stable if the damping on the rigid body
is large enough relative to the damping on the rotor. Therefore, the results of this section are a
reasonable approximation of the equilibria possible for a similar gyrostat with sufficiently small

rotor damping.

We use arange of inertia values to examine the spectrum of possible prolate gyrostats. Keeping I,
constant, the 7, and I3 values are varied as in Table 5.8. Figures 5.47-5.48 show the sequence of
momentum spheres for the different inertia combinations. Complete sets of bifurcation diagrams

areincluded in App. E.

Table 5.8: Range of inertia properties for a prolate gyrostat

I, I, I3

0.28 0.32 0.40
0.28 0.35 0.37
0.28 0.356 0.364
0.28 0.3559 0.361
0.28 0.36 0.36
0.28 0.37 0.35
0.28 0.37155 0.34845
0.28 0.372 0.348
0.28 0.40 0.32

The evolution of the equilibrium branches is similar to the effects of changing damper position
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or spring stiffness. The most significant qualitative changes occur for the Type 6 equilibria. For
I, < I3, asshown in Fig. 5.47, increasing I, changes the Type 6 equilibria in roughly the same
manner as increasing b or decreasing k. As I; — I, the unstable Type 6 branches approach the
by—bs plane

The axisymmetric gyrostat, defined as I, = I3, has equilibria only in the pseudo-principal planes
(the body-axis planes are principal only for = = 0). Figure 5.48(a) showsthat for the axisymmetric
gyrostat the Type 4 equilibria are stable, but Types 5 and 6 are unstable.

For I, > I3, asshownin Fig. 5.48, the Type 6 branches are stable. However, the stability threshold
does not coincide with I, = I3. The Type 6 equilibria are too complex for the Liapunov analysis
of Ch. 4 to produce stability thresholds analytically. Numerically, this stability transition can be
examined by considering inertia cases closer to an axisymmetric gyrostat. For the case where
I = diag[0.280, 0.362, 0.358], the Type 6 branches are unstable. For I = diag[0.280, 0.363, 0.357]
there is a turning point and stability change in the Type 6 branches, signaling the onset of the
stability change while I, > I3. For I, slightly larger than I3, the Type 6 branches emerge from the
b,—b; planein two places: apair of branchesintersecting at the b, axis and rings of equilibriavery
near the b, axis, as shown in Fig. 5.48(b). These stable Type 6 rings of equilibria are very near
the intended nominal-axis spin, but they only occur for h, values less than required to stabilize
the nominal spin. Transitioning from Fig. 5.48(b) to Fig. 5.48(c), the separate branches of Type 6
equilibriacombine into a continuous branch. For larger values of £, the Type 6 branches become a
single branch with a turning point, as shown in Figs. 5.48(d) and 5.48(e).
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5.5.3 Intermediate-Axis Gyrostat

The final class of inertia values are the intermediate-axis gyrostats. The two possibilitiesin this
classarefor either I, or I3 to be the largest moment of inertia.

For I, as the largest moment of inertia, we consider the case, I, > I, > I; > I3. Numerica
continuation is applied to the model with the system parameters defined in Table 5.9.

Table 5.9: System parameters for intermediate-axis gyrostat equilibria, I, > I3

Inertia Properties Damper Parameters

I, = 0.32 k = 0.40
I, = 0.42 b=0.33
I; = 0.26 £=0.10
I, = 0.04 c=10.10

The possible equilibria for this intermediate-axis gyrostat, with I, > I3, are similar to those for
a prolate gyrostat with I, > I3. Figure 5.49 shows that the Type 4 equilibria are all unstable.
Type 6 equilibriaare al stable, forming a“figure-8” branch on the momentum sphere. The Type 5
branches include stable and unstable equilibria, with the stability changes occurring at the Type 6
branch bifurcation points. The qualitative nature of these branches, as well as their stability, are
the same asfor I = diag[0.28, 0.40, 0.32] and the same damper parameters.
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| |
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Q @ ' ]
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(@) Momentum sphere (b) hsz vs. hy,

Figure 5.49: Equilibriaof intermediate-axis gyrostat, I; = 0.32, I, = 0.42, and I3 = 0.26

For I3 as the largest moment of inertia, numerical continuation is applied to the model with the
system parameters defined in Table 5.10, resulting in Fig. 5.50. This intermediate-axis gyrostat
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Table 5.10: System parameters for intermediate-axis gyrostat equilibria, I3 > I,

Inertia Properties Damper Parameters

I, = 0.32 k = 0.40
I, = 0.26 b=0.33
I3 = 0.42 £=0.10
I, = 0.04 c=10.10

has equilibria similar to a prolate gyrostat with 73 > I,. Figure 5.50(a) is similar to Fig. 5.47(a),
showing that the Type 5 and Type 6 branches are all unstable. Figure 5.50(b) illustrates how most
of the Type 4 equilibria are stable. For any value of h,,, there is at least one stable equilibriumin
the b;—b; plane.

0.54
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o

-0.54

-0.5 i ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
i 05 0.5 Variable h, -05 -04 -03 -02 -01 0 01 02 03 04 05
Variable h3 : 1 1 Parameter h,

(8) Momentum sphere (b) h3 vs. h,

Figure 5.50: Equilibriaof intermediate-axis gyrostat, /; = 0.32, I, = 0.26, and I3 = 0.42

5.6 Summary

We applied numerical continuation to the equations of motion for a gyrostat with a spring-mass
damper. The results were presented in terms of equilibria on the momentum sphere and individual
state bifurcation diagrams. Many different equilibria are possible for this relatively simple model.
In addition to the simple spins about principal axes, multiple equilibriaexist in the three body-axis
planes. Some equilibria do not lie in any principal plane of the undeformed system. Changing
damper parameters, rotor momentum, and inertia properties all have significant effects on the
global equilibria.



Chapter 6

Bifurcations in Parameter Space

The behavior of solutionsto the system equilibrium equations depends on the values of a number
of system parameters, such as k, b, and h,. The parameter space, a = [k, b, h,], of al feasible
parameters forms a three-dimensional space. Inertia properties are also system parameters, but we
consider the inertia properties fixed in this chapter. The loci in this parameter space of singular
points form critical boundaries, called bifurcation curves. In this chapter, key bifurcation points
and turning points are determined in parameter space, creating parameter charts of bifurcation
curves.

Both numerical and analytical methods are used to determine the bifurcation branches and key
pointsin parameter space. The primary numerical tool is two-parameter continuation, which isan
extension of the previously described one-parameter bifurcation methods. Two-parameter contin-
uation generates branches of turning points in two-parameter space. Anaytically, we find critical
transitionsin branching behavior using Liapunov-Schmidt reduction. These methods are discussed
briefly in the following section. We focus on the branching behavior of the nominal spin and turn-
ing pointsin the b;—b; plane, with emphasis on avoiding jump phenomena, as described in Ch. 5.

6.1 Numerical and Analytical Methods

In this section we describe two methods used in characterizing equilibriain parameter space. Two-
parameter continuation is a numerical technique, based on the continuation concepts in Ch. 5 for
a single bifurcation parameter, that follows a turning point in two-parameter space. Liapunov-
Schmidt reduction is a method that reduces a multi-dimensional problem to an equivalent scalar
problem. We use this technique to determine analytic solutions, in terms of system parameters, to
an important transition of the nominal-spin bifurcation point.

99
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branch of limit points
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Figure 6.1: Tracing of bifurcation curves

6.1.1 Two-Parameter Continuation

In the most general sense, the system equilibriadepend on the values of avector of system parame-
ters, v = [y, an, as...q,|. Standard, or single-parameter, numerical continuation requires holding
al but one parameter fixed while the bifurcation parameter is varied. Two-parameter continuation
generates branches of bifurcation pointsin atwo-dimensional parameter space. The method is an
extension of one-parameter continuation, applied in an indirect fashion to trace bifurcation curves.

The process, shown graphically in Fig. 6.1, starts with one-parameter continuation, holding the
second parameter fixed. A turning point isidentified indirectly and saved as the next starting point.
In the next step, the second parameter becomes the bifurcation parameter and thefirst is held fixed.
The actual starting point is near, but not exactly, the turning point so that the next bifurcation
point in parameter space is also found indirectly. Continuation proceeds, alternating bifurcation
parameters and tracing the path of turning points.

6.1.2 Liapunov-Schmidt Reduction

The following is a brief description of the theory and method of Liapunov-Schmidt reduction. A
complete discussion of this technique may be found in Ref. 26.

The basic idea of Liapunov-Schmidt reduction isto reduce a multi-dimensional problem,
0=1(z,«) (6.2)

with multiple solutions to an equivalent single scalar equation. Under the assumption of a mini-
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mally degenerate case, that is, a Jacobian of rank n — 1 at bifurcation points, the solutions of the
full system, Eq. 6.1, may be put in one-to-one correspondence with solutions of asingle equation

g(u,0) =0 (6.2)

where g : R x R — R is asmooth mapping. The scalar function g(u, «) is defined implicitly,
but rarely is it possible to explicitly determine a formula for g(u, ). However, expressions for
derivatives of g(u, «) are possible.

To derive the reduced equations, we first reformulate the equations through a change in variables
such that £(0,0) = 0. Let A bethen x n Jacobian matrix evaluated at (0, 0). We must choose
vector space complements to the null space and range space of the Jacobian, A:

R* = NA)oM (6.3)
R" = NaR(A) (6.4)

where A/(A) isthe null space of A, R(A) isthe range space of A, and M and N are the vector
space complements to A/ (A) and R(A), respectively. Figure 6.2 illustrates the vector subspaces
for n = 3. We consider the minimally degenerate case where

rank A=n—1
Therefore, the dimension of the subspaces are
dim N = dim N'(A) = 1
and
dim M =dim R(A)=n—1

Possible choices for the subspaces are Ml = R(AT) and N = N(AT), but M and N are not
required to be orthogonal subspaces to A/(A) and R(A), respectively. Let E be the projection
matrix which projects R" onto R(A) with A/(E) = N. The complementary projection I — E has
arange equa to N and anull space equal to R(A).

Ifu e R",u=0ifandonlyif Eu = 0 and (I — E)u = 0. The same idea can be applied to the
vector field, f(z, o) = 0,

Ef(z,a) = 0 (6.5)
I-E)f(z,a) = 0 (6.6)

thereby decomposing Eq. 6.1 into complementary vector subspaces. The fundamental idea behind
Liapunov-Schmidt reduction is that Eq. 6.5 may be solved for n — 1 of the variables. These can
then be substituted into Eq. 6.6, yielding a single scalar equation for the remaining unknown.

We split the vector z into theformz = v + w, wherev € N'(A) and w € M. Werewrite Eq. 6.5
as
Ef(v+w,a)=0 (6.7)
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Figure 6.2: Definitions of vector subspacesfor n = 3

and use the fact that the Jacobianisalinear map, A : M — R(A) andisinvertibleon R(A). This
invertibility allows EQ. 6.5 to be uniquely solved at the origin for w, and we write the solution,
implicitly, asw = w(v, «). Therefore,

Ef(v+w(v,a),a)=0 (6.8)
and we can substitute for w in Eq. 6.6, defining a reduced mapping ¢,
QS(Va Oé) = (I o E) f(V + W(Va a)a a) (69)

where ¢ : N(A) x R — N. The zeros of the reduced function, ¢(v, «), are in one-to-one cor-
respondence with the zeros of f(z, «). The reduced function, ¢ maps from the one-dimensional
subspace v to the one-dimensional subspace N. By selecting a basis vector for v, ¢ can be con-
verted to a scalar equation.

Let v = uvy, where uw € R and vq is a non-zero vector in N'(A). Also define v;, as a non-zero
vector in A (A™), and is therefore perpendicular to R(A). Since ¢(uvy, ) € N and N is the
complementary subspace to R(A ), we conclude that ¢ is not perpendicular to v§. Therefore, the
inner product of ¢(uvy, o) and v should be zero if and only if ¢(vy, «) = 0. Defining the inner
product for a,b € R as
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wedefineg: R x R — R by
g(U,OZ) = <V37¢(UV07Q)>' (611)

Partial derivativesof g(u, ) are determined by successive application of the chain rule. Using the
notation of Golubitsky and Schaeffer (Ref. 26), the formulas for the higher-order derivatives of ¢
are

Juu = <VS, dzf(v()a V[))> (613)
Guuw = {Vp, d3f(vo, Vo, Vo) — 3d2f(v0, A_lEde(vo, vo))) (6.14)

9o = (Vo fa) (6.15)
Jou = (v, dfy - vo — Pf(vo, A7'ES,)) (6.16)

where the additional derivatives of f(z, o) are denoted d*f, d’f, f,, and df,. These additional
derivatives are al evaluated at (0,0). Note that d’f and d*f are third- and fourth-rank tensors,
respectively.

Several arbitrary choices must be made throughout the Liapunov-Schmidt process which affect the
form of the results. These choices include selecting suitable subspaces N, M, defined by their
basis vectors, as well as selecting v, and v;;. Although different choices lead to different forms of
Eq. 6.2, Theorem 3.2 in Ref. 26 proves that these different forms are equivalent under reasonable
hypotheses.

The main problem with computing the partial derivatives of ¢ is evaluating the inverse of A. This
inverse matrix, A !, inverts A where it is invertible, transforming the column space of A back
to the row space of A. It issimilar to the pseudoinverse of a full-rank rectangular matrix in this
regard.®® Aswith the pseudoinverse, it also transforms the | eft null space to the zero vector. Using
these properties, we develop a method of deriving a suitable A 1.

The Jacobian matrix is a linear transformation which transforms any vector in R" to the column
gpace of A. Therefore, it aso transforms a vector in the row space of A to the column space of A.
For simplicity, we choose to use orthogonal subspaces, selecting N = N (AT) andM = R(AT).
We choose basis vectors for the various subspaces,

[ryry ...t ] = R(A) (6.17)
r, = N(AD (6.18)
mym;...m,_;] = R(AT) (6.19)
m, = N(A) (6.20)

In both cases, the sets of vectorsr and m each span R".

Thetransformation of m; to R (A ) produces a vector which may be written asalinear combination
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of [ry,rs,...r,_1]. Using the case n = 3 asan example,

a1

Am; =[riryr3) | 5 (6.21)
0

and

%)
Am2 = [I‘l ro 1'3] 62 (622)
0

which can be put in the form

a1 Q9
A [m; my] = [r; ry r3] { Bi Do ] (6.23)
0 0

Equations 6.21— 6.22 are used to solve for the coefficients o, s, 1, and Ss.

The desired linear transformation takes vectorsin the column space back to the row space.

Qg
A._l [I‘l Iy 1'3] 51 52 = [m1 ms ] (624)
0 O
To solvefor A~!, we must use the action of A~! on the left null space,
A71r3 =0 (625)
that can be combined with Eq. 6.24 as
a1 Q9 0
Al ryrors] | B1 B 0| =[mym;0] (6.26)
0 0 1

Equation 6.26 may be solved for A ! since both matrices on the left side of the equality are
invertible.
a1 Qg 0

1
A = [m; m, O] { B B2 O ] [ry 1) 1”3]_1 (6.27)
0 0 1

Using this method, the A ~! matrix is derived for the applicationsin the following sections.

6.2 Parameter Space foib,—b; Plane (1, = 0)

Of considerable interest are the bifurcations from the nominal-spin equilibrium, including the
Type 4 branches in the b;—b; plane. Chinnery and Hall studied the bifurcations in this plane
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Figure 6.3: Bifurcationsin the k— parameter plane; h, = 0

for the B + P case. We first study the equivalent case, for h, = 0, before proceeding to the more
general case for h, # 0. Focusing on the h; = 1 spin, the bifurcation point is described in terms
of the damper parameters by the stability condition Eg. 4.9. Using this relationship,

—b2e2)\3
T IR (I + M)

the locus of nominal-spin bifurcation points is established on the £—b parameter plane. However,
other turning points exist in the b;—b; plane which may be characterized in parameter space with
two-parameter continuation. The complete picture is shown in Fig. 6.3. We include a series of
hs—b bifurcation diagrams for arange of £, as shown in Fig. 6.4, to illustrate the equilibria corre-
sponding to specific £ valuesin Fig. 6.3. To simplify the bifurcation diagrams, we only include
the equilibrium branches associated with the nominal-spin pitchfork (for h; = +1) and the re-
lated turning points. The other system parameters for Figs. 6.3-6.4 are I = diag[0.40, 0.28,0.32],
I, = 0.04,c = 0.1, and e = 0.1. Unless otherwise noted, we use these same parameters for all the
numerical result in this chapter.

(6.28)

The nominal-spin bifurcation line divides the parameter space into stable and unstable nominal-
spin equilibria. Superimposed on this space is the line of turning points which emanate from the
degenerate pitchfork point. For fixed values of k, there are possibly 0, 1 or 2 pairs of turning
points in the pitchfork branches for varying b. The transcritical bifurcation occurs at parameters
b,. and k,.. For values of k < k., there are no turning points on the subcritical pitchfork branch,
seen in Fig. 6.4(a). The transcritical point bifurcation in Fig. 6.4(b) is the only singular point on
the subcritical pitchfork branch. Increasing spring stiffness slightly, there are two pairs of turning
points as seen in Fig. 6.4(c). The threshold between subcritical and supercritical pitchforksis a
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degenerate pitchfork, as shown in Fig. 6.4(d), with parameters b, and kg4,. As k dightly exceeds
kap, the pitchfork is supercritical, and thereisasingle pair of turning points as shownin Fig. 6.4(e).
As k increases further, there are zero turning points, as shown in Fig. 6.4(f). These results are
qualitatively the same as those found by Chinnery and Hall,*” with the only differences due to
selection of parameters and non-dimensionalization.

The degenerate pitchfork point is especially important to determine. This marks the transition
from subcritical to supercritical pitchfork bifurcations. With the associated stability changes of
the pitchfork branches, the supercritical bifurcation does not exhibit the jump phenomenon of the
subcritical pitchfork (Fig. 6.4(c)). Liapunov-Schmidt reduction is used to analytically determine
the k-b relationship for the degenerate pitchfork point.

Some distinguishing feature of the reduced function derivatives must be exploited to make use of
the reduction. The qualitative properties of thelocal bifurcation of the full equations are equivalent
to the scalar normal form for a pitchfork bifurcation

g(u, ) = ua £ u* =0 (6.29)

with the + corresponding to a supercritical or subcritical pitchfork. The reduced, scalar function
g(u, ) has apitchfork bifurcation at ¢(0, 0) when

9 =09y = Guu = Ja = 0 (630)

and
Gou > 0

> 0 subcritical
Juuwu ) supercritical

with the latter inequality depending on the + signin Eq. 6.29.
We trandlate the bifurcation point to the origin using the mapping
(hla h?a h3apn7 T, b) = (hl + ]-7 h?a h3apn7 T, + b)

so that the bifurcation point f(z, «/) = £(0,0) = 0. In state-parameter space, the Jacobian becomes

A= —bé‘jilg, 0 bZSZI{Ig/ (Ig-[{)

0 -2 0

(6.31)

Li—1 0 —be ]

Asdescribed in Sec. 6.1.2, we select orthogonal subspaces M and N and choose basis vectors per
Eq. 6.17-6.20. The null space of A is spanned by the vector

be
=|— 1 6.32
ny [13 _ I{’ 07 ] ( )
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The range space of A is spanned by the two vectors

A
r, = [07 07 ]-] (634)

r = l1 bely 1y 0] (6.33)

The subspace N isthe left null space of A, spanned by the vector

bé‘[{[?,
= 1 .
ng [13 _ I{, ) 0] (6 35)

The subspace M isthe row space of A, spanned by the two vectors
m; = []3 — ]{, 0, —b€] (636)
The projection matrix onto R(A) is

(Is;— I bellI, (I = I3) 0
bellIs (I — I3)  (bell3)? 0
0 0 D,

E=—

B (6.38)

where
Dy = (I3 — I!)” + (bell I3)?

The non-singular transformation from R(A) to M is found using the method described in the
previous section,

) (I; - 1)*  —bel[I; (I} — I3)* 0
Al = o 0 0 —Dy/2 (6.39)
2| —be(I3—10)° 022I15(1s— 1)) 0
where
Dy = [(Is — I})* + %) [(Is — 1)) + (be I 15)°) (6.40)

The partial derivativesof the implicit scalar function, g(u, b) are calculated using Egs. 6.12— 6.16.
After verifying ¢ = g, = guu = 9o = 0, the following expressions are produced for the remaining
partial derivatives

g2
- 6.41
g T (6.41)
12830 I3 [' T} (I} — I3) 4 be(I3 — 217)] (6.42)
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For I] > I3, ga,, > 0 for any value of b, so the critical valueisdetermined from g,,,,,. Thetransition
from subcritical to supercritical occurs when g,,,, = 0, therefore the value of b for the degenerate

pitchfork is determined by
o _ (] — I3)

P2 - I) (649
Using Eq. 4.9, the critical spring stiffnessis
g'e
N CT A (649

This leads to adesign guideline for avoiding the jump phenomenon. For k& > kg, the pitchfork is
supercritical, and there is no jump phenomenon.

For I] < I3 and h, = 0, the pitchfork bifurcation does not exist. Not all combination of parameters
produce a pitchfork bifurcation. Examining Eq. 4.9, we see that a bifurcation point only exists for
h, > 1 —I/I3. For h, = 0, thisonly occurs for I; > I;. Therefore, the B+ P model only
exhibits bifurcations of equilibriafor 7] > I.

6.3 Parameter Space foib,—b; Plane (1, # 0)

In the previous section, we examined equilibria in the k—b parameter plane for h, = 0. In this
section, we consider h, # 0. We first describe equilibriawith h in the b,—bs body-axis plane by
using the k— parameter plane, for a given value of h,. Then, we fix the value of b and examine
equilibriain the k—h, parameter plane.

6.3.1 Equilibria in the k- Parameter Plane, for Fixedh,

We expand the scope of bifurcationsin the k—b plane and consider the effects of rotor momentum.
With three possible bifurcation parameters, we keep one parameter fixed while performing two-
parameter continuation on the remaining two parameters. The natural extension of the previous
section is to determine the k—b parameter chart for different h,, values.

Equation. 4.9 and two-parameter continuation generate branches of singular points (pitchfork bi-
furcation points and turning points) in k—b parameter space for different values of /,. However, the
Liapunov-Schmidt reduction must be modified to analytically determine the degenerate pitchfork
bifurcation point.

We trandlate the bifurcation point to the origin using the mapping

(hla h?a hg,pn,I, b) = (hl + ]-7 h?a hg,pn,I, o+ b)
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so that the bifurcation point f(z, «r) = £(0,0) = 0. In state-parameter space, the Jacobian becomes

—I— LA 0 be\
A=| beAlll; 0 —V2NT 05/ (I + I;)) (6.45)
0 —2 0

where A = h, — 1.

We select orthogonal subspaces M and N and choose basis vectors per Egs. 6.17-6.20. The null
space of A is spanned by the vector

be A
=|— 1 6.46
ny l[{ + 13)\7 07 ] ( )

The range space of A is spanned by the two vectors

—bé‘jilg,)\
= |1, ——— 6.47
r, = [0,0,1] (6.48)

The subspace N isthe left null space of A, spanned by the vector

np = [b&“)\[{]g,, I{ + ]3)\, 0] s (649)

The subspace M isthe row space of A, spanned by the two vectors

m; = [-I] — I3\, 0, be)| (6.50)
m, = [0, 1,0] (6.51)

The projection matrix onto R(A) is

(I} + I3))° —beA I3 (I + I5)) 0
E = o= | =beAlL5 (1] + 1)) (be X! 13) 0 (6.52)
K 0 0 D

where
D3 = (I 4+ IsA)? + (be AT T3)°

The non-singular transformation from R(A) to M is found using the method described in the
previous section,

L[ W BA b (I + IA) 0
Alt=_— 0 0 —Dy/2
PLbeN(IL 4+ N 022N (I + 1)) 0

(6.53)
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where
Dy = (I} + 1)) + (b=))°] [(I] + Is0)* + (b A 15)°] (6.54)

The partial derivativesof the implicit scalar function, g(u, b) are calculated using Egs. 6.12— 6.16.
After verifying ¢ = 9. = guu = 9o = 0, the following expressions are produced for the remaining
partial derivatives

— 202123
oy = —————3 6.55
9 I+ I\ (6.55)
—3B23 1204 [ — 42T (I + IN)? + b2e (31! + 2Is0)% + 9172\
o IN[—4e'T (I + I3 (313 + 2130) + 9172 ©56)

LI + L))

The partia derivative g, > 0 for any value of b for h, < 1 (A < 0), but g, < 0 for h, > 1.
However, for h, > 1 thereis no pitchfork bifurcation point. The condition 4, > 1 always satisfies
Eqg. 4.9, and the nominal spin equilibria do not bifurcate. The degenerate pitchfork is defined by
the condition, g,,,,, = 0. Therefore, the value of b for the degenerate pitchfork is determined by

AT (I + T3))°

v = 6.57
T o[BI+ 20 + 12 (6.57)
Using Eq. 4.9, the critical spring stiffnessis
—4ee' 3 (I} + I3\
ki X (N + ) (6.58)

L[IPA+ (311 + 21))°]

This leads to a more general design guideline for avoiding the jump phenomena, for 4, # 0. For
k > kqp, the pitchfork is supercritical. For h, = 0, the expression reduces to Eq. 6.44.

Combining the nominal-spin bifurcation point information with two-parameter continuation pro-
vides a means to generate parameter charts for a variety of angular momenta. Not all values of
h, correspond to a bifurcation of the h; = +1 nominal spin. Asdiscussed in Sec. 6.2 and above,
Eqg. 4.9 provides an existence condition for pitchfork bifurcationsalong the h; = +1 axis:

1—-1/I3<h,<1 (6.59)

For oblate and near-oblate (I; > I3) gyrostats, a pitchfork bifurcation is possible for h, < 0, but
only to this limit. Numerical studies demonstrate that degenerate pitchforks cease to exist near
the lower limit of Eq. 6.59. Therefore, we select a range of h, values and examine how rotor
momentum affects the nominal-spin bifurcation branches and the degenerate pitchfork transition.

For arange of h, € (—0.05,0.2), the nomina bifurcation branches and degenerate pitchfork
points are plotted in Fig. 6.5. Recalling that points in parameter space above each line represent
stable nominal spins, we conclude that increasing rotor momentum creates alarger region of stable
nominal spins. Since greater rotor momentum should more strongly stabilize the nominal spin
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Figure 6.5: Nominal-spin bifurcation branches in the k— parameter plane

of like sense (positive), this result agrees with intuition. What we also see in Fig. 6.5 is that
for increasing rotor momentum, the degenerate pitchfork point is affected. For a given damper
position, the transition to a supercritical pitchfork occurs for a softer spring stiffness.

We look more closely at the bifurcation branches, including the turning pointsin the b;—b; plane,
using two-parameter continuation. We use numerical continuation to produce hs—b bifurcation
diagrams for h, = —0.05 and different values of k, as shown in Fig. 6.6. The corresponding
parameter chart in k—b spaceisFigure 6.7.

Due to the symmetry of the bifurcation diagrams, we only describe the equilibria for h; > 0.
Figure 6.6(a), for £ = 0.9, includes a separate, continuous Type 4 branch of equilibria, with a
single turning point in the nearly degenerate pitchfork. For £ = (.76, Figure 6.6(c) shows that
the separate Type 4 branch includes two turning points that mark the ends of a stable Type 4
branch, whereas the pitchfork has asingle turning point. Between Figs. 6.6(a) and 6.6(c), thereisa
critical value of £ where asingular point first appearsin the separate Type 4 branch as an inflection
point. Thiscritical valueis k£ = 0.791, and the inflection point corresponds to a discontinuity in
the k—b parameter chart (Fig. 6.6). This point is called a cusp, or hysteresis point. The region
of parameter space near the cusp may have 0, 1 or 2 singular points, not including the nominal-
spin bifurcation. Figure 6.6 illustrates the evolution of these turning points for a range of k. The
transcritical bifurcation, discussed in Ch. 5, occursfor £ = 0.7524. Therange of possibleequilibria
is concisaly and completely described in k—b parameter space by Fig. 6.7.

The cusp in the k—) parameter space only occurs for h, < 0. For h, > 0, the k— parameter chart
resemblesthe h, = 0 case. Figure 6.8 is an example, illustrating how the branches flatten out in
parameter space, as also seenin Fig. 6.5.
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6.3.2 Equilibria in the k—h, Parameter Plane, for Fixedb

We focus on the k—h,, parameter plane and identify the equilibriain the b;—b; plane. The degener-
ate pitchfork, occurring in h3—b bifurcation diagrams, is al'so found in h3—h, bifurcation diagrams.
These degenerate points are related to the existence of stable Type 4 branches of equilibria, and are
therefore of practical importance.

For an oblate gyrostat, there can be stable Type 4 branches of equilibria (Fig. 5.28). Numerically,
we can determine regions in parameter space where these stable branches occur, and where they
are absent. The existence of certain stable branchesisimportant because they may affect the jump
phenomenon for changing rotor momentum. The stable Type 4 branches also exist for the prolate
or intermediate-axis gyrostats, provided I3 > I,. This section considers only oblate gyrostats, but
similar numerical studies are possible for the other cases.

Jump phenomena are also evident in the h,—bifurcations of Ch. 5. Figure 5.28 shows a pitchfork
bifurcation of the nominal-spin branch of equilibria, for h; = +1. We focus in this section on
the h; = +1 bifurcation point, but there is an equivalent set of results for the h;, = —1 case. The
nominal branch bifurcation point is supercritical, with stable nominal spinsfor £, greater than the
bifurcation value. A credible design point would be to operate on this stable nominal branch, but
if for some reason rotor momentum were lost, the system would be perturbed to another stable
equilibrium condition. Thisis abig jump: using simulation we show that the unstable nominal

spinis attracted to a Type 4 equilibrium, with = # 0, as shown in Fig. 6.9.

0.2

o o
o ®
T T
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o
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_\ - L L L L 16 \ L | 1
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(@ ha vs. hs (b) x vs. time

Figure 6.9: Simulation of jump phenomena from a nominal spin. For h, slightly lower than the
nominal-spin bifurcation value, the system jumps to a Type 4 equilibrium state.

Figures 5.28—5.31 show how the stable Type 4 branches of equilibria consist of branches between
two turning points, and these branches ultimately converge as k increases. We use two parameter
continuation to trace these turning points in parameter space and establish the hysteresis point
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where they converge. However, we show that these two turning points do not always converge
in a hysteresis point, but may converge on the nomina bifurcation point, creating a degenerate
pitchfork.

Two-parameter continuation is used to trace the first and second turning points of the branches
emanating from the nominal bifurcation point (for ~; = +1). The system parameters are

Table 6.1: System parameters for oblate gyrostat equilibria, two-parameter continuation

Inertia Properties Damper Parameters

I, =0.40 e=20.10
I, =0.28 c=0.10
I, =0.04

We first consider the bifurcation branches of the turning pointsfor b = 0 and b = 0.33 (Fig. 6.10).
Both cases generate a cusp in parameter space. This point defines the point in parameter space
where the stable Type 4 branch disappears. For k > ks, Type 1 equilibria are the only possible
stable spins. Aswith earlier examples of cusps in parameter space, there can be O, 1, or 2 pairs of
turning points depending on the region of parameter space.

1
0.9r
0.8
0.7r
0.6

~ 0.5
0.41
0.31

0.2

0.11

0 i i i i i ;
-1 -08 -06 -04 -02 0 02 04 06 08 1
h

a

Figure 6.10: Bifurcation branchesin the k—h,, parameter plane: b = 0 and b = 0.33

Certainly, the absence of stable Type 4 branches means if rotor momentum islost, an h; = +1
spin will become an h; = —1 spin. However, this jump may also occur for a small, stable Type 4
branch. If the stable Type 4 branch only occurs for h, greater than the bifurcation point, the jJump
will behave as if there were no stable Type 4 branches. To find this transition in parameter space,
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we plot the turning point branches along with the locus of nominal bifurcation pointsin Fig. 6.11.
The key point is where the two branches of singular points cross. For & greater than this point,
stable Type 4 branches exist, but only for h, greater than the nominal bifurcation point. For &
less than this jump transition point, a nominal equilibrium perturbed to a lower rotor momentum
will jump to the corresponding Type 4 equilibrium point. For this example, the two bifurcation
branches cross at £ = 0.6194, which is used to generate Fig. 6.12.
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Figure 6.11: Bifurcations in the k—h, pa
rameter plane; b = 0.33

Figure 6.12: Bifurcation diagram: h3 vs. h,
forb =0.33, kK = 0.6194

As b increases further, there is no longer a cusp, but the turning points ultimately merge with the
nominal bifurcation branch, resulting in a degenerate pitchfork. These degenerate points are the
same in parameter space as those defined in Sec. 6.3.1. The degenerate pitchfork isidentified by
Eq. 6.57, and yields a critical value for b for a given value of A\. Due to the symmetry of the
problem, the —b case is not separately discussed. For the k—h, perspective in parameter space, a
given value of b yields two distinct values of h,. For a given value of b, Eq. 6.57 produces real
values of h, when
5 16e'(I] — I3)
e(I] + 2415)

For the parameters of the preceding example, the critical value of damper location isb = 0.4788.
For b below thisthreshold, a cusp appearsin the parameter chart as the two turning points converge
for increasing k. For b above this threshold there are two distinct degenerate pitchfork bifurcation
points that mark the pointsin parameter space where the turning points converge with the nominal
bifurcation branch. Figure 6.13 shows the bifurcation branchesfor both turning points of the stable
Type 4 branch. Instead of converging, they move toward and combine with the branch of nominal
bifurcation points. The & values of the two degenerate points are denoted £ 4, and k5.

(6.60)

Figures 6.14— 6.15 show the bifurcation diagrams including the pitchforks before and after the
degenerate points. The first (lower) turning point converges with the nominal bifurcation point
first. For kg1 < k < kqq2, the pitchfork branches are stable, precluding any jump phenomena.
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Figure 6.13: Bifurcations in the k—h, parameter plane: b = 0.5

The second turning point becomes degenerate for a higher value of spring stiffness, k = k4.
Increasing £ further resultsin entirely unstable Type 4 equilibria, and therefore the nominal spinis
the only stable equilibrium.

6.4 Summary

We used two-parameter continuation and Liapunov-Schmidt reduction to characterize bifurcations
in k-b-h, parameter space. Using two-parameter continuation and the stability criterion for the
nominal spin, we produce parameter charts that describe a set of possible singular points in pa-
rameter space. We identify subcritical, degenerate, and supercritical pitchfork bifurcations of the
nominal-spin equilibrium. We also determine branches of turning pointsin the b;—b; plane and
their relationship with the nominal-spin equilibria. Special cases are identified, including a tran-
scritical bifurcation and cusps in parameter space. Liapunov-Schmidt reduction generates an an-
alytical relationship between k, b, and h,, that identifies a degenerate pitchfork bifurcation of the
nominal spin equilibrium. The degenerate pitchforks are seen in several perspectives, including the
hs—b and hs—h, bifurcation diagrams. For larger values of b, two degenerate pitchfork points may
occur in the k—h,, parameter space. The degenerate point marks the transition between subcritical
and supercritical pitchforks, and provides a design criterion to avoid jump phenomena.
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Figure 6.14: Bifurcation diagrams, h3 Vvs. h,, near the first degenerate pitchfork for b = 0.5. Ask
increases from 0.8 — 0.9, the turning points on Type 4 branches converge with the nominal-spin

bifurcation point, forming degenerate pitchforks. Another set of limit points remainsin the Type 4
branches of equilibria
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Chapter 7

Bifurcations of Perturbed Model

The B + R + P model of adamped gyrostat has precise alignment requirements for the rotor and
damper; each are aligned with the b, axis. Any rea dual-spin satellite is likely to have some
misalignment of the damper or rotor. In Sec. 5.1 we saw how bifurcations are easily perturbed,
and the symmetric bifurcation structures unfold. In this chapter we investigate the effects of small
alignment errorsfor the rotor and damper, and examine the possible unfolding of bifurcations. The
loss of these symmetric bifurcations may affect the nominal spin condition, and can change how
the system reacts to displacements from the nominal spin.

The standard, unperturbed model is perturbed by adding small angular displacements to the unit
vectors a and n. Many different combinations of vector perturbations are possible, but we focus
on two distinct cases: displacement within the b,—b; plane (denoted in-plane) and perpendicular
to the b, — b, plane (denoted out-of-plane). Introducing the angular displacements as perturbation
parameters generates perturbed bifurcation structures from the standard model bifurcations. We
start with two standard, unperturbed configurations: an oblate gyrostat and a prolate gyrostat with
identical dampers. For each case, we first look at the effects on system equilibria for rotor mis-
alignment, both in-plane and out-of-plane. Then we consider the effects of damper misalignment.
The resulting bifurcation structures show how certain symmetries and bifurcations are broken by
specific perturbation parameters.

7.1 Perturbed Model

The standard model is repeated in Fig. 7.1, showing the rotor spin vector, &, and the damper
aignment vector, ii. These two unit vectors are parallel to the b, axis. The vector i iswithin the
b;—b; plane, whereas a may originate outside the b;—b; plane.

We parameterize the possible rotor and damper alignment errors by defining an angular displace-
ment cone angle and rotation angle, as seenin Fig. 7.2.

120
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O

Figure 7.1: Standard model with aligned rotor and damper

b,
Figure 7.2: Rotor and damper alignment error angles are defined by a cone angle, v, and arotation
angle: « or nisused to locate a or i, respectively
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The cone angle, v, is a small angle displacing the unit vector a or in from the intended direction.
The direction of the displacement isdefined by « for &, and » for ia. In terms of these parameters,
the alignment vectors are

cos %IA)l + cos arsin fyaBQ + sin e sin fyaf)g, (7.2)

b0
|

oS 1,b1 + cos nsin v, b + sin nsin v, bs (7.2

=
|

These perturbed vectors are used within Egs. 3.68-3.70, for specific values of the alignment er-
ror angles, to numerically study the effects on equilibria of rotor and damper alignment errors.
Table 7.1 defines the parameters used for each case. The larger cone angle is necessary for the
out-of-plane case to clearly distinguish the perturbed bifurcations from the standard-model bifur-
cations.

Table 7.1: Rotor and Damper Alignment Errors

In-Plane Error  Out-of-Plane Error

Vazlo ’Ya:OO
Yo =0° Yo =2°
a=90° a=0°
n=0° n=90°

7.2 Oblate Gyrostat

The oblate gyrostat is designed to spin about a mgjor axis. We use the same system parameters for
each result, only changing the rotor or damper alignment error angle.

Table 7.2: System parameters for oblate gyrostat used to determine perturbed equilibria

Inertia Properties Damper Parameters

I, = 0.40 k= 0.40
I, = 0.28 b=0.33
I; = 0.32 £=0.10
I, = 0.04 c=10.10

This combination of system parameters is the same standard model used in Ch. 5 to introduce the
different types of equilibria. These parameters are used with the perturbed model to numerically
investigate the effects on system equilibria.
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7.2.1 Rotor Misalignment for Oblate Gyrostat

We investigate the effects of rotor misalignment by adding a small angular displacement to 4. Two
types of rotor aignment error are considered: in-plane and out-of-plane errors.

In-Plane Error

We apply numerical continuation to the perturbed model for a 1° perturbation of a, within the
b;—bs plane. Including this perturbation parameter breaks the structure of several pitchforks. We
compare the perturbed bifurcations with the bifurcations of the standard model with the same
system parameters from Ch. 5, shown in Figs. 5.4, 5.15, and 5.17. For this first example, the
unperturbed bifurcations are repeated and shown with the perturbed bifurcations, as shown in
Figs. 7.3—7.5. We denote the bifurcation points by the types of equilibria the bifurcation branches
include. For example, the nominal-spin bifurcation is a pitchfork of Type 1 and Type 4 branches
of equilibria, denoted a Type 1-4 bifurcation point.

e T < - - - <«
N B B *3 perturbed nominal-spi
0.8+ N . 4 0.8¢ N \ perturbed nominal—-spin |
N \ N FCTI v bifurcation point (Type 1-4)
0.6f 0.6 / R 1
0.4f 0.4 )
<702t <02} perturbed Type 5-6 °
@ Q bifurcation point
30 g 0
3 L 3
g-0.2 >-02
-0.4f -0.4
-0.6f -06f Y, =1°
0.8 -0 a=90°
-1 S oo B -1 -
-05 -04 -03 -02 -01 O 01 02 03 04 05 -05 -04 -03 -02 -01 O 01 02 03 04 05
Parameter ha Parameter ha
(a) Unperturbed bifurcation (b) Perturbed bifurcation, with in-plane rotor mis-
alignment

Figure 7.3: Bifurcation diagrams, h; vs. h,, for standard and perturbed models of an oblate gyro-
stat. The model is perturbed by an in-plane rotor alignment error.

Most significantly, the Type 1-4 bifurcation point, defining the stability threshold of the nominal
spin, breaks into two separate branches, as seenin Figs. 7.3(b) and 7.4(b). The perturbed structure
is typical for perturbed pitchfork bifurcations: the pitchfork unfolds into two separate branches,
with one continuous branch without singular points and another branch with a turning point. In
fact, the existence of the turning point could be considered typical, and the pitchfork bifurcation a
special casefor v = 0.

The rotor misalignment causes the desired nominal spin to deviate from apure b, -axis spin. There
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Figure 7.5: Equilibria on the momentum sphere for standard and perturbed models of an oblate
gyrostat. The model is perturbed by an in-plane rotor alignment error.
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is asmall b; component of h which increases as h,, decreases in magnitude toward the stability
threshold. We see this non-zero h; component of the stable near-nominal branch in Fig. 7.4(b) as
well in the momentum sphere, as shown in Fig. 7.5(b).

For the standard model, the nominal spin stability changes at the bifurcation point, but for this
perturbed situation the stable branch continues, as &, decreases in magnitude, further away from
the b, -axis until the turni ng point is reached. For the equilibriaon this stable branch, the systemis
spinning about aslightly different axis than theintended b, axis dueto the rotor misalignment. Not
only isthere anon-zero h; component of angular momentum, but the damper is slightly displaced
as well. The desired spin axis precesses around the actual spin axis. The constant nutation angle
of this wobble-like motion is greater for h, near the stability boundary. Therefore, if the rotor
momentum were slowly decreased, the satellite would precess around the desired spin axiswith an
increasingly large nutation angle. If h, reached the stability boundary at the turning point, the spin
would become unstable and the system would experience a significant jump to a different stable
equilibrium state.

The a-in-plane error also breaks another set of pitchfork bifurcations, those in the b;—b, plane
where Type 5 branches bifurcate into Type 5 and Type 6 branches, denoted the Type 5-6 bifurcation
point. The perturbed bifurcation structures are seen on the momentum sphere, Fig. 7.5(b), and in
the hs—h, bifurcation diagram, Fig. 7.4(b). For the oblate gyrostat, these branches are all unstable.

Moving the a vector within the plane, but in the other direction (v, = —1°), breaks the pitchforks
in the opposite sense. The perturbed pitchfork branch that became a separate branch with aturning
point now becomes the continuous branch and vice versa.

Appendix F includes a set of bifurcation diagrams for the in-plane rotor misalignment configura-
tion. The diagrams include equilibria on the momentum sphere and bifurcation diagrams for each
of the five system states, with &, as the bifurcation parameter.

Out-of-Plane Error

We use numerical continuation on the perturbed equationsfor « = 0 ° and v, = 2°. This perturbs
the 4 vector in the +b, direction, out of the b;—b; plane. This rotor aignment error has two
primary effects: breaking a set of pitchfork bifurcations and causing Type 4 branchesto lie outside
of the b;—b; plane. The broken pitchforks are the set that marks the bifurcation of Type 1 branches
into Type 5 branches of equilibria, branching into the b;—b, plane. These Type 1-5 pitchforks
break in the typical fashion: one continuous branch and one separate branch with a turning point.
These broken branches are best seen in the h,—h,, and ho—h, bifurcation diagrams (Figs. 7.6—7.7)
and displayed on the momentum sphere (Fig. 7.8).

As with in-plane rotor errors, the nominal equilibrium state is not exactly a pure b;-axis spin.
Instead, there is a small b, component, as seen in Figs. 7.7-7.8. For the out-of-plane case, the
stability of the nominal spin changes with the unperturbed Type 1-4 bifurcation point (seeFig. 7.6),
so the magnitude on any possible stable precession motion is not as great as for the in-plane error
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Figure 7.6: Out-of-plane rotor misalignment for an oblate gyrostat, h,—h, bifurcations
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Figure 7.7: Out-of-plane rotor misalignment for an oblate gyrostat, h,—h,, bifurcations
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Figure 7.8: Out-of-plane rotor misalignment for an oblate gyrostat, bifurcations on the momentum
sphere

case.

The out-of-plane error also affects the Type 4 equilibria. For the standard model these branches
al lie within the b;—b; plane, but for the perturbed model these branches may have non-zero h.
components, as seen in Fig. 7.8.

Appendix F includes a set of bifurcation diagrams for the out-of-plane rotor misalignment config-
uration. The diagrams include equilibria on the momentum sphere and bifurcation diagrams for
each of the five system states, with h, as the bifurcation parameter.

7.2.2 Damper Misalignment for Oblate Gyrostat

We investigate the effects of rotor misalignment by adding asmall angular displacement to 1. Two
types of damper alignment error are considered: a displacement within the b,—b; plane and a
displacement perpendicular to the b;—b; plane.

In-Plane Error

We apply numerical continuation to the perturbed model for n = 90 ° and v,, = 1°. This perturbs
the i vector in the b direction, within the b;—b3 plane.

The effects of in-plane damper alignment error are similar to those for rotor alignment in-plane
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errors. The same two types of pitchforks are broken: the nominal-spin bifurcation point and the
Type 5-6 bifurcation point. The nominal pitchfork is broken in the same fashion as the in-plane
rotor case. The Type 5-6 pitchfork breaks in the opposite sense as the in-plane rotor case: the
continuous branch is now the separate branch with a turning point and vice versa. Both these
pitchforks break in the opposite sense for v,, = —1°. Theseresults are shown in Figs. 7.9-7.11.

perturbed nominal=spin
equilibria with h_#0

=TT

4 N
1 ” I/ h ~ ~
{ . perturbed",
SSS Type 5-6

1 ~

0.5 1 ,' \ bifurcation
\ 1 , point

Variable h1

Variable h, ' 11

Figure 7.9: In-plane damper misalignment for an oblate gyrostat, bifurcations on the momentum
sphere

Appendix F includes a set of bifurcation diagrams for the in-plane damper misalignment config-
uration. The diagrams include equilibria on the momentum sphere and bifurcation diagrams for
each of the five system states, with h, as the bifurcation parameter.

Out-of-Plane Error

We apply numerical continuation to the perturbed model for n = 0° and v, = 2°, causing the
n vector to tilt in the +b, direction. This damper alignment error does not break any pitchfork
bifurcations, but it does disturb the symmetry of the standard model branches of equilibria.

We display the perturbed equilibria on the momentum sphere, shown in Fig. 7.12. At first glance,
the equilibriaappear to be similar to therotor out-of-plane case, but there are important differences.
First, all pitchforksremain intact, whereas the Type 1-5 pitchfork isbroken in therotor out-of-plane
case. With this pitchfork intact, the nominal spin remains a pure b -axis spin (see Fig. 7.13).

The Type 4 branches are perturbed from the b;—b; plane, asthey are for the rotor out-of-plane case.
Type 6 equilibrium branches are not symmetric with respect to +h, (see Fig. 7.14). The Type 6
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branches are distorted much more than for the rotor out-of-plane case, even when accounting for

the larger v value.

Figure 7.14: Out-of-plane damper misalignment for an oblate gyrostat, h,—h,, bifurcations
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Appendix F includes a set of bifurcation diagrams for the out-of-plane damper misalignment con-
figuration. The diagramsinclude equilibria on the momentum sphere and bifurcation diagrams for
each of the five system states, with h, as the bifurcation parameter.

7.3 Prolate Gyrostat

The prolate gyrostat is designed to spin about a minor axis. The system parameters for the prolate
gyrostat are defined in Table 7.3. We use the same system parametersfor each result, only changing
the rotor or damper alignment error angle. This combination of inertia properties and parameters

Table 7.3: System parameters for prolate gyrostat used to determine perturbed equilibria

Inertia Properties Damper Parameters

I, = 0.28 k= 0.40
I, = 0.40 b=0.33
I; = 0.32 £=0.10
I, = 0.04 c=10.10
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is used for the standard model in Ch. 5. These parameters are used with the perturbed model to
numerically investigate the effects on system equilibria

7.3.1 Rotor Misalignment for Prolate Gyrostat

We investigate the effects of rotor misalignment by adding a small angular displacement to &.
Two types of rotor alignment error are considered: a displacement within the b,—bs plane and a
displacement perpendicular to the b;—b3 plane.

In-Plane Error

We apply numerical continuation to the prolate gyrostat for v, = 1° and o = 90°, tilting the &
vector in the +bg direction. This rotor alignment error breaks the same types of pitchforks asin
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Figure 7.15: In-plane rotor misalignment for a prolate gyrostat, bifurcations on the momentum
sphere

the oblate model: the Type 5-6 and Type 1-4 pitchforks. However, the prolate case has different
stability properties than the oblate gyrostat. These differences change how the rotor aignment
errors affect the system dynamics.

Figure 7.16 shows the broken bifurcation point along the nominal spin axis. For the prolate, rotor
in-plane error case, with I, > I3, the nominal spin stability changes at the Type 1-5 pitchfork,
branching into the b;—b, plane (see Fig. 7.15). This result is a change from the oblate gyrostat,
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where the stability changes at the Type 1-4 pitchfork, branching into the b;—b; plane. The stability
threshold for the nominal-axis spinisstill defined, at least approximately, for the perturbed model,
by the stability conditions defined in Egs. 4.8-4.9. The stability conditions identify the Type 1-5
bifurcation point for the prolate case, whereas they mark the Type 1-4 bifurcation point for the
oblate case.

The nominal spin has a small b; component of angular momentum, as shown in Fig. 7.17. This
deviation of h from by, at equilibrium, produces a slight precession motion about the intended
spin axis. For slowly decreasing rotor momentum, there is no jump to a separate stable branch.
Instead, the stable Type 5 and Type 6 branches provide a path along the momentum sphere for a
possible smooth transition to a pure b,-axis spin (see Fig. 7.15). Alternatively, the in-plane rotor
error does not preclude a smooth transition from a Type 2B, pure by-axis spin, to a stable nomina
spin (Type 1) for slowly increasing h,,. Slowly changing h,, can simulate maneuvers using a small
rotor torque to change h, and system attitude. In Ch. 8, we discuss a simple spin-up maneuver in
more detail and simulate the spin-up maneuver for small rotor torques.

Appendix G includes a set of bifurcation diagrams for the in-plane rotor misalignment, prolate
gyrostat configuration. The diagrams include equilibria on the momentum sphere and bifurcation
diagrams for each of the five system states, with h, as the bifurcation parameter.

Out-of-Plane Error

We apply numerical continuation to the perturbed model for a prolate gyrostat with v, = 2° and
o = 0°, tilting the & vector in the +b, direction. Aswith the oblate gyrostat case, the Type 1-5
pitchfork unfolds (see Figs. 7.19-7.20) and Type 4 equilibria do remain in the b;—b; plane (see
Fig. 7.18). The near-nominal spin has a non-zero b; component of angular momentum, causing
precession of the intended spin axis. With the broken pitchfork, the precession of the intended
spin axis has a larger nutation angle than the oblate gyrostat with the same in-plane rotor error.
There are continuous stable branches of equilibriafrom the nominal spin state to a major-axis spin
equilibrium.

Appendix G includes a set of bifurcation diagramsfor the out-of-plane rotor misalignment, prolate
gyrostat configuration. The diagrams include equilibria on the momentum sphere and bifurcation
diagramsfor each of the five system states, with /1, as the bifurcation parameter.

7.3.2 Damper Misalignment for Prolate Gyrostat

We investigate the effects of rotor misalignment by adding asmall angular displacement to 1i. Two
types of damper alignment error are considered: a displacement within the b,—b; plane and a
displacement perpendicular to the b;—b; plane.
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Figure 7.18: Out-of-plane rotor misalignment for a prolate gyrostat, bifurcations on the momentum
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Figure 7.19: Out-of-plane rotor misalignment for a prolate gyrostat, 4,—h, bifurcations
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Figure 7.20: Out-of-plane rotor misalignment for a prolate gyrostat, h,—h, bifurcations

In-Plane Error

We apply numerical continuation to the perturbed model for » = 90 ° and ~,, = 1°. This perturbs
the ia vector in the b; direction.

For the prolate gyrostat, the effects of in-plane damper alignment error are similar to those for
rotor alignment in-plane errors. The same two types of pitchforks are broken: the nominal-spin
(Type 1-4) bifurcation point and the Type 5-6 bifurcation point. The nominal pitchfork is broken
in the same fashion as the in-plane rotor case. The Type 5-6 pitchfork breaksin the opposite sense
as the in-plane rotor case: the continuous branch is now the separate branch with a turning point
and vice versa. Both these pitchforks break in the opposite sense for v,, = —1°. Theseresults are
shown in Figs. 7.21-7.23.

Comparing the prolate gyrostat to the oblate case, the perturbed bifurcation structures for in-plane
damper errors have the same stability changes as the in-plane rotor errors. A smooth transition
from aflat spin to the nominal spin is possible for increasing angular momentum.

Appendix G includes a set of bifurcation diagrams for the in-plane damper misalignment, prolate
gyrostat configuration. The diagrams include equilibria on the momentum sphere and bifurcation
diagramsfor each of the five system states, with h, as the bifurcation parameter.
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Figure 7.21: In-plane damper misalignment for a prolate gyrostat, bifurcations on the momentum
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Figure 7.22: In-plane damper misalignment for a prolate gyrostat, »,—h, bifurcations
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Figure 7.23: In-plane damper misalignment for a prolate gyrostat, h3—h,, bifurcations

Out-of-Plane Error

For a prolate gyrostat, we apply numerical continuation to the perturbed model for » = 0° and
v, = 2°, causing the i vector to tilt in the +b, direction. As with the oblate case, this damper
alignment error does not break any pitchfork bifurcations, but it does disturb the symmetry of the
standard model equilibria branches.

We display the perturbed equilibria on the momentum sphere, shown in Fig. 7.24. All pitchforks
remain intact, and the nominal spin remains a pure b,-axis spin (see Fig. 7.25).

The Type 4 branches are perturbed from the b,—bs plane, as they are for the rotor out-of-plane
case.

Appendix G includes a set of bifurcation diagrams for the out-of-plane damper misalignment,
prolate gyrostat configuration. The diagrams include equilibria on the momentum sphere and
bifurcation diagrams for each of the five system states, with /., as the bifurcation parameter.

7.4 Summary

We applied numerical continuation to determine the effects of rotor or damper alignment errors
on the global equilibria of oblate and prolate gyrostats. In general, perturbing the rotor axis in
the b;—b; plane breaks two types of pitchfork bifurcations: the Type 1-4 and Type 5-6 pitchforks.
Perturbing the rotor axis out of the b;—b; plane breaks the Type 1-5 pitchfork bifurcations and
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Figure 7.24: Out-of-plane damper misalignment for a prolate gyrostat, bifurcations on the momen-
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Figure 7.25: Out-of-plane damper misalignment for a prolate gyrostat, 1,—h, bifurcations
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Figure 7.26: Out-of-plane damper misalignment for a prolate gyrostat, /,—h, bifurcations

perturbs Type 4 branches out of the b;—b; plane. In-plane damper errors have similar effectsto in-
planerotor aignment errors. Perturbing the damper out of plane doesnot break pitchforks, but does
distort symmetries of the unperturbed equilibria. These alignment errors may cause precession of
the intended, nominal spin-axis around the true principal axis.

The oblate gyrostat, for I, < I, has stable equilibriaexclusively near the b,;—b; plane. If perturbed
from the near-nominal equilibrium state, the only aternate stable branches are near a flat spin
condition about the b, axis. The prolate gyrostat, for I, > I, has stable near-nominal equilibria
only if the rotor provides sufficient gyroscopic stabilization. There is continuous path of stable
equilibria between the nominal spin and flat spin near the b, axis.



Chapter 8

Practical Applications

In this chapter we apply the bifurcation results from previous chapters to realistic dual-spin satel-
lite configurations and simple rotor spin-up maneuvers. We use typical inertial properties, damper
location, and damping coefficient values for a dual-spin satellite, obtained from the literature.
Dampers are often tuned by matching the natural frequency of the spring-mass-damper to the
satellite precession frequency about the nominal-spin axis. We use a tuning algorithm to select the
spring stiffness value, k. Many dual-spin satellites are approximately axisymmetric, such as TAC-
SAT I, but we use numerical continuation to show how dlight inertiaasymmetries affect equilibria.
Finally, the equilibriaand bifurcation diagramsfor varying s, provide a useful perspective of rotor
Spin-up dynamics.

8.1 Dual-Spin Examples

In Ch. 5, we are concerned with global equilibriain a general sense, considering the set of pos-
sible equilibria for an extensive range of parameter combinations. In this section, we examine a
configuration that emulates real dual-spin satellites. Satellite designers have successfully used the
dual-spin concept for communication satellites, first demonstrated with TACSAT 1. Like TAC-
SAT |, many dual-spin satellites are prolate gyrostats with arelatively large rotor aligned with the
nominal spin axis (61 = 4).*® An axisymmetric gyrostat, defined as I, = I3, is often used to
model a dual-spin satellite.3"452 Since any real system is probably not perfectly axisymmetric,
we examine the effects of dight asymmetric dual-spin satellites as well as the axisymmetric case.
Dual-spin satellite designers often tune the spring-mass-damper to match its natural frequency to
the precession frequency of the satellite. A tuned damper is excited by the precession motion it
is designed to attenuate, thereby damping out the precession more quickly than untuned dampers.
The damper spring stiffnessis calculated from a simple tuning condition. Once the parameter setis
determined, we use numerical continuation to characterize the equilibria of the dual-spin satellite
examples.

141
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8.1.1 Dual-Spin Parameter Set

Likins, Tseng, and Mingori studied the effects of damper nonlinearities in an attempt to explain
in-flight precession data for TACSAT 1.4 We use their satellite inertia properties and damper
information to generate the dimensionless parameters defined in Table 8.1. This configuration has
arelatively large rotor. The damper mass and damping coefficient are an order of magnitude less
than previously considered in Chs. 5-7.

Table 8.1: System parameters for example dual-spin gyrostat

Inertia Properties Damper Parameters

I, = 0.20 b=0.33
I, = 0.40 e =0.01
I3 = 0.40 c=0.01
I,=0.14

We choose the desired, nominal spin configuration to have a despun platform, where w = 0 and
all the angular momentumisin therotor, A, = 1. Most dual-spin satellites have either a despun or
slowly spinning platform. Typical dimensional rates, presented by lorillo, are w* = 1073 rpm and
w? = 60 rpm.*” Even for aslowly spinning platform, the despun condition is agood approximation
of the desired nominal spin.

8.1.2 Damper Tuning

To increase the damping efficiency, we match the damper natural frequency and the frequency
of precession about the nominal spin. This classic method of damper tuning is often used by
satellite dynamicists,® ® athough most often for the B + P model. Equations 3.68 — 3.70 are
linearized aboutz = (1, 0,0, 0,0), keeping h,, arbitrary. The damper dynamicsare coupled with the
precession motion, but for small ¢, the linearized h equations decouple from the damper variables
and become

- (I] + \I3)

hy = ————h 8.1
2 ks 8.

: (1] + Aly)

hy = —————h 8.2
; ke 82)

Substituting for A3 leads to a second-order equation:

(I7 + Ap) (I7 + \I3)

"
2t 11,1,
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The natural frequency of this second-order equation isthe precession frequency of h around by, in
the body frame. We define this precession frequency as

!/ !/ /2
(I ML) (I + )
= [ i (8.4)
The spring-mass-damper natural frequency, without damping, is

Matching the precession and damper frequencies resultsin the following tuned-damper condition:

L S 01+ AD) (I + M)
¢ 11,1,

(8.6)

For the despun platform A = 0, EQ. 8.6 reducesto

9

kg = ——
T LI

(8.7)
Using this tuning condition, the damper is tuned for the dual-spin satellite example, yielding a
spring stiffness, £, = 0.0625. We use this k& value to produce equilibriafor the dual-spin example.

We simul ate the effectiveness of the tuned damper by numerically integrating the equations of mo-
tion using both tuned and untuned dampers. We use the system parametersin Table 8.1, except we
use alarger damper mass, ¢ = 0.1. This heavier damper mass is unrealistic compared to actua
precession dampers, but the smaller damper mass takes longer to damp the precession motion. We
use the larger mass to simplify the simulation results and clearly illustrate the effects of damper
tuning. Results for atuned damper are shown in Fig. 8.1(a), with £ = k; = 0.625. The h3 history
illustrates the precession motion while = shows the damper displacement. These two variables ap-
pear to be approximately in resonance, with similar frequencies, and the tuned damper effectively
damps the precession motion. Resultsfor auntuned damper are shownin Fig. 8.1(b), with £ = 0.8.
In the untuned case, the precession motion is damped, but not as effectively as the tuned damper.

Other parameters influence damper performance, such as damper position, b, and the viscous
damping coefficient, c. We choose to use typical values from Ref. 47, but other researchers have
considered methods to determine optimal values of damper parameters for related models.>*® We
proceed with the system parameters of Table 8.1, and a tuned-damper value of %, to examine equi-
libriafor a dual-spin satellite.

8.1.3 Axisymmetric Dual-Spin Example

Axisymmetric dual-spin satellites are common in the literature. As with any real system, dlight
inertiaasymmetries are possible and are examined in Sec. 8.1.4. For the parameter set in Table 8.1,
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Figure 8.1: Simulation of precession damping for atuned and untuned damper

we use numerical continuation to produce branches of equilibria for varying h,. The damper is
tuned for the h, = 1, despun-platform condition. The equilibria are displayed on the momentum
sphere and in five state-parameter bifurcation diagramsin Fig. 8.2.

Unlike the axisymmetric gyrostat in Fig. 5.48(a), the equilibria for this axisymmetric dual-spin
satellite are on the b;—b, and b;—b; planes; no equilibria appear in the by—b; plane. There are
two separate bifurcation points in the h,—h, bifurcation diagram (Fig. 8.2(b)); Type 1 branches
bifurcate into Type 4 branches (Type 1-4 bifurcation point) and Type 5 branches (Type 1-5 bi-
furcation point). These two bifurcation points occur for nearly the same h, value, and they are
almost indistinguishable in Fig. 8.2(b). Within the b;—b; plane, Type 4 equilibria are stable,
whereas the Type 5 equilibriain the b;—b, plane are unstable. For this example, the Type 4 and
Type 5 equilibria are continuous branches without any turning points between bifurcation points
(see Figs. 8.2(c) — 8.2(d)). These branches are similar to the Type 4 branches in Fig. 5.31; a
tuned-damper value of k yields fewer equilibriathan smaller &.

The stability of the simple b, and bs-axis spin (Type 2A and Type 3 equilibria) is uncertain. For
both cases, a linear stability analysis is inconclusive due to purely imaginary eigenvalues. The
Liapunov function of Ch 4 is not positive definite for the axisymmetric case, and therefore it
provides no stability information. Simulation of system dynamics with Type 2A or Type 3A initial
conditions indicates instability. More work is needed to analytically verify the stability of these
simple spins. Center manifold theory may provide a method of assessing the stability of motion
within these zero-eigenvalue regions of state space.

Type 6 equilibria, which appear in the b,—b; planein Fig. 5.48(a), do not exist for this axisymmet-
ric case. Neither simple spin with = = 0 (Types 2B and 3B) exist for this parameter set. Although
not rigorous, numerical continuation results suggest that the existence of the Type 2B equilibrium
corresponds to the existence of Type 6 equilibria. We look more closely at the example axisym-
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metric gyrostat for k& values near the Type 2B threshold, defined in Ch. 4 by Eq. 4.29:
kop = e’/ (8.8)
Figure 8.3 showsthe equilibriafor k just lower and higher than the Type 2B existence threshold.

For k = 0.06187 < k23, the equilibriainclude the Type 2B equilibrium state and Type 6 branches
in the bo—b3 plane, whereas these equilibriado not occur for £ = 0.06188 > k.
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Figure 8.3: Axisymmetric dual-spin satellite equilibria near Type 2B existence threshold, k55 =
0.061875

The Type 2B existence threshold is related to the damper tuning condition of k. We examine the

damper tuning condition to explain the relationship with the existence of Type 2B and Type 6
equilibria.

Restating the Type 2B equilibrium existence condition from Eq. 4.29
k<eell?

we note that this condition is similar to the tuned-damper condition for adespun platform, Eq. 8.7.
Expanding Eqg. 4.29 in terms of ¢, we relate the the Type 2B existence condition to the tuned-
damper value, k4, assuming an axisymmetric gyrostat (7, = I3):

k< e/l —¢*/13 (8.9)
ko< kq(l—¢) (8.10)
ko< e'ky (8.11)

Therefore, the classic damper tuning condition produces a k, value greater than the existence
threshold for the Type 2B equilibrium. The Type 2B equilibrium does not exist for k£ = k,. For
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small ¢, k, is aso near the existence threshold for Type 2B equilibria for nearly axisymmetric
gyrostats (1> = I3). Because of this result, we find that Type 6 equilibria are not prevalent for
nearly axisymmetric dual-spin satellites with tuned dampers.

8.1.4 Near Axisymmetric Dual-Spin Examples

We consider the effects of a slightly asymmetric platform on the equilibria for the example dual-
spin satellite. We examine two cases. I, > I3 and I3 > I,. The parameter set remains unchanged
except for these two inertia values. The tuned-damper value of k& does not change appreciably
for these inertia properties. In the first example, we use I = (0.20, 0.41, 0.39) and in the second
example, I = (0.20, 0.39, 0.41). We apply numerical continuation to the prolate dual-spin satellite,
with I, > I3, to produce equilibriafor varying h,, shown as Fig. 8.4. For the I3 > I, example, the
results are shown as Fig. 8.5.

We see in Fig. 8.4 that for I, > I3 the stability of Type 4 and Type 5 equilibria changes from the
axisymmetric example. The Type 5 equilibria and the b,-axis spin, with z = 0 (Type 2A), are
stable. The Type 4 equilibriaand the bs-axis spin (Type 3) are unstable. Aswith the axisymmetric
case, the Type 2B spin does not exist. The dlight increase in I, relative to the axisymmetric
example, lowersthe Type 2B existence threshold to £ < 0.059 and islower than the tuned-damper
value of k£ = 0.0625.

Figure 8.5 shows that for I3 > I, Type 4 equilibria are stable, whereas Type 5 equilibria are
unstable. The slight decrease in I,, relative to the axisymmetric example, raises the Type 2B
existence threshold to £ < 0.065. The tuned-damper value, £ = 0.0625, allows the Type 2B
equilibrium state. This configuration also has relatively small Type 6 equilibrium branches near
the Type 2B state, although these off-axis equilibria are unstable.

Asdiscussed in Sec. 5.4, decreasing k affects the Type 6 branches. For lower k values, the Type 6
branches have larger h; components. For sufficiently small £, the Type 6 branches intersect the
Type 4 branches in the b;—b; plane, as seen in Fig. 5.41(a). For prolate gyrostats with I, > I,
the Type 6 equilibria can be stable. These stable, off-axis equilibria are potential trap states for
systems disturbed from their nominal spin. Also, stable Type 6 branches can affect the dynamics
of maneuvers that use rotor torques to change the system attitude. In the next section we consider
a simple maneuver using small rotor torques, and how stable Type 6 branches of equilibria affect
the motion.

8.2 Spin-up Maneuvers

In this section we examine how different system parameter sets affect the path of h in state space
during arotor spin-up maneuver called adual-spin turn. A dual-spin turn is often used to deploy a
dual-spin satellite from an initial configuration, with locked damper and rotor, to its final, despun
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platform, configuration. Because the typical dual-spin satellite is prolate, itsinitial configuration
is a mgjor-axis spin. The dual-spin turn involves applying a small rotor torque until the rotor is
initsfina, h, = 1, state. The satellite spin-axis transitions from the major-axis to the nominal
(minor), by-axis. The bifurcation diagrams for varying 4, provide a unique perspective on the
dynamics of the dual-spin turn. For spin-up maneuvers with sufficiently small g,, the system state
approximately follows branches of stable equilibriafor increasing h,. We simulate the dual-spin
turn dynamics for the two nearly-axisymmetric dual-satellites of the previous section. Depending
on the parameter set, the path of the h vector in state-space may vary significantly.

A practical problem with the spin-up maneuversis that the final configuration may be a trap state
instead of the intended state. Several studies have examined the problem of trap states and how to
escape from these states. Scher and Farrenkopf suggested a periodic torquing of the rotor to escape
from the minimum energy trap state for dual -spin satellites.> Hall showed that periodic torquing is
relatively ineffective in the presence of significant damping, and proposed a method using a nearly
constant rotor torque that is guaranteed to lead to escape.® Escape from minimum-energy trap
states is an important operational issue for dual-spin satellites, but we focus on a despun-platform
final state, with h; = h, = 1. This nominal-spin state is the only stable equilibrium for h, =
and trap states are not a problem.

The steps in the dual-spin turn are: 1) unlock the damper and let the system reach equilibrium; 2)

apply a small, constant g, until ~, = 1; and 3) allow the damper to dissipate any residual con-
ing motion. We first consider the asymmetric dual-spin satellite with 73 > I,, shown in Fig 8.6,

with a tuned damper. Because the equilibrium branches are relatively simple for this configura-
tion, h transitions along the b;—b; plane for a dual-spin turn from the bs-axis spin to the b;-axis
spin, approximately following the stable Type 4 branch. Figure 8.6(a) shows the path of h on the
momentum sphere and the damper displacement time history.
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(@) Path of h on the momentum sphere (b) Damper displacement during dual-spin turn

Figure 8.6: Dynamics of dual-spin turn for near-axisymmetric, prolate dual-spin satellite, I3 > I,
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We use g, = 0.001, requiring 1000 dimensionless time units (TU) to spin-up the rotor. The stable
bs-axis spin has z = 0, so the 100 TU allowed for the damper to stabilize is much longer than
required. Ash, — 1, the system experiences a coning motion around the nominal spin axis. After
the rotor torque ends, and h, = 1, the damper dissipates the precession as the system approaches
the nominal spin asymptotically.

We simulate the dynamics of a dual-spin turn for the I, > I3 configuration of Fig. 8.4. The
system transitions from a b,-axis spin to a b, -axis spin, approximately following the stable Type 5
equilibrium branch. Figure 8.7 illustrates the dual-spin dynamics on the momentum sphere and
the damper displacement history. The results are similar to the I3 > I, configuration: the h vector
transitions in a direct fashion to near the nominal spin, precesses slightly, and is damped to the
desired nominal spin state. All Type 5 equilibria have x = 0, so the damper remains largely
undisplaced until the precession begins.
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Figure 8.7: Dynamics of dual-spin turn for near-axisymmetric, prolate dual-spin satellite, I, > I3

In the previous two examples, the equilibriadid not include stable Type 6 (off-axis) equilibria, due
to the tuned-damper value of k. Asdiscussed in Sec. 5.4, decreasing £ resultsin more pronounced
and potentially complex Type 6 equilibria. For systemswith k < k.., the dual-spin turn dynamics
are not as simple as for systems with tuned dampers.

We repeat the simulation of the I, > I3 configuration, but for £ = 0.04. Figure 8.8 shows the
dynamics on the momentum sphere and the damper displacement history. Aswith earlier simula-
tions, therotor torqueissmall: g, = 0.001. Thelower value of k& changesthe stability properties of
the major-axis spin: Type 2B (z # 0) isstable whereas Type 2A (x = 0) isunstable. The unlocked
damper stabilizes at anon-zero value of x. This large damper displacement may not be physically
feasible for real damper designs, but we do not restrict « in the simulation. The system oscillates
dlightly as h approximately follows the stable Type 6, then Type 5 branches of equilibria. Aswith
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previous examples, the system experiences coning motion as h approaches b;. Theindirect tran-
sition of the spin axis from major-axisto minor-axisis clearly explained by the momentum sphere
representation of the bifurcation results for varying h,,.
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(@) Path of h on the momentum sphere (b) Damper displacement during dual-spin turn
Figure 8.8: Dynamics of dual-spin turn for, prolate dual-spin satellite (15 > I3) with k < kgyne

Section 5.4 shows that for sufficiently small %, the Type 6 equilibriaintersect the Type 4 equilibria
at bifurcation points. For these low values of &, the spin-up dynamics are significantly affected.
We examine the same I, > I3 configuration, but for £ = 0.005. Figure 8.9 shows the spin-
up dynamics displayed on the momentum sphere for this configuration using two different rotor
torques. InFig. 8.9(a), weuse g, = 0.001. For thisrotor torque, h transitionsin the direction of the
stable Type 6 branch, then the stable Type 4 branch. The system oscillates more than exampleswith
larger &, and h only roughly followsthe Type 6 branch. The abrupt change at the bifurcation point
produces more oscillation, but h proceeds roughly along the Type 4 branch toward the nominal
spin. However, the Type 4 branch is not entirely stable; there is a bifurcation point, with Type 6
equilibriaforming aring aroung the b, axis. The stability change at the bifurcation point produces
a jump phenomenon, and h jumps toward a stable Type 5 branch before beginning precession
followed by damping to the nominal spin. Smaller rotor torques allow h to more closely follow
the stable branches, but aso lengthen the spin-up time. In Fig. 8.9(b) we use g, = 0.0001, which
reduces the system oscillation and allows h to more closely follow stable branches of equilibria.
However, the spin-up maneuver requires 10,000 TU.

8.3 Summary

Equilibrium motions of dual-spin satellites are affected by varying system parameters, but for typ-
ical parameter values the set of equilibriais relatively simple. Whereas a perfectly axisymmetric
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Figure 8.9: Dynamics of dual-spin turn for, prolate dual-spin satellite (1o > I3) with k < kgyne

gyrostat has fewer branches of equilibria than asymmetric configurations, slight inertia asymme-
tries produce addition possible equilibria. For tuned dampers, the spring stiffness is sufficiently
large to produce continuous branches of equilibriathat primarily liein principa planes. The bifur-
cation results for varying rotor momentum provides a unique perspective on the dynamics of rotor
spin-up. For atuned damper, the dual-spin turn transitions directly along principal planes toward
the nominal spin equilibrium. The spin-up dynamics are more complex if the spring stiffness is
less than the tuned-damper value.



Chapter 9

Conclusions and Recommendations

The gyrostat with spring-mass-damper is a useful model for studying the motion of spinning satel-
liteswith arotor, especially dual-spin satellites. Rotor momentum is effective in stabilizing prolate
gyrostats, even in the presence of energy dissipation. Though most research has focused on the
nominal-axis spin, other equilibria exist that can have important consequences. Multiple stable
equilibriamay yield trap states for systems perturbed from the nominal spin or affect the dynamics
of attitude maneuvers.

The equations of motion are determined from a Newton-Euler approach, resulting in equationsin
terms of angular momentum and damper variables: z = (hy, ha, hs, p,, ). Analytic solutions and
stability conditions are derived for the equilibrium equations for simple spins, but numerical tech-
niques are required for determining general equilibria and their stability. Linear stability analysis
is successful in assessing stability in most cases, but a nonlinear, Liapunov stability technique is
required for certain regions of state-parameter space.

Numerical continuation is an effective method of numerically determining equilibria. However,
for a system with conserved angular momentum, success depends on reducing the system and
eliminating the persistent zero eigenvalue in the system Jacobian. A spherical-coordinate transfor-
mation yields an appropriate reduction, but a singularity in the transformation of the system state
to spherical coordinates requires at least two separate transformations to adequately explore the
entire state space. An alternative reduction is possible within the b;—b; plane, where the equilib-
rium solutions are augmented with conserved angular momentum to provide effective equations
in athree-dimensional state space, z, = (hy, hs, ). With an adeguate set of reduced equations,
numerical continuation produces equilibriaand bifurcations for varying system parameters.

Bifurcation diagrams for h, = 0, using the damper location as the bifurcation parameter, are
identical to those for a rigid body with a spring-mass-damper. Small values of h, perturb these
bifurcations and unfold certain pitchfork bifurcations. Using s, as the bifurcation parameter, we
identify multiple equilibriathroughout the state space. Multiple equilibriaexist in the b,;—b; plane
for varying b or h,. Equilibriaalso exist in the b;—b, plane. For axisymmetric gyrostats, equilibria
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exist throughout the b,—b; plane. Also, branches of equilibria may occur that do not lie in any
of the pseudo-principal planes of the body axes. The stability of these equilibria depends on the
system inertia properties, damper parameters, and rotor momentum. Increasing spring stiffness,
k, changes the structure of the system equilibria. Similar effects are found for decreasing damper
location, b, or changing system inertia properties.

For changing b or h,, the nominal-spin equilibria bifurcate into branches of equilibria in either
the b;—b, plane or b;—b; plane. This bifurcation point is defined analytically in terms of damper
parameters, inertia properties, and rotor momentum. For certain combinations of the system pa-
rameters, a jump phenomenon may occur. The Liapunov-Schmidt reduction technique produces
an analytic condition for determining if the jump phenomenon is possible and therefore provides a
design criterion for avoiding the jump phenomenon. Two-parameter continuation and the stability
criterion for the nominal spin produces parameter charts that describe possible singular pointsin
parameter space, including turning points and their relationship with the nominal-spin equilibria.
This parameter space representation concisely characterizes possible equilibria near the nominal
spin and divides the parameter space into regions of stable and unstable nominal-spin configura-
tions.

The gyrostat with damper isan idealized model with considerable symmetry. Therotor and damper
axes are aligned with the nominal spin axis. However, for slight alignment errors of either the rotor
or damper, certain bifurcations of the standard, unperturbed, model unfold. The perturbed branches
of equilibriamay produce precession of the intended spin axis around the actual spin axis. Asreal
systems are always subject to imperfections, these perturbed bifurcation results show how actual
satellites may behave for dight rotor or alignment errors.

The global equilibriafor the damped gyrostat provide new insightsinto several practical aspects of
dual-spin satellites. Satelliteswith typical valuesfor inertia properties and damper parameters have
relatively simple global equilibria. Damper parameters are often selected to match the undamped
spring-mass natural frequency to the satellite precession frequency to more efficiently attenuate
precession. A classic damper-tuning condition is analytically related to the existence of out-of-
plane equilibria, and we find that these equilibria do not exist for tuned dampers. Simple satellite
maneuvers that use small rotor torques are examined with respect to stable, global equilibria. The
maneuver dynamics are combined with equilibria on the momentum sphere, producing a unique
perspective of these maneuversin state space. Changing damper parameters has a significant effect
on the dynamics of simple rotor spin-up maneuvers.

Further analysis of the system equilibriais possible for different bifurcation parameters. Varying
spring stiffness, or inertia properties and the bifurcation parameter will generate different bifurca-
tion diagrams that may better characterize certain bifurcations.

Additional research may investigate active control techniques for stabilizing a pure b,-axis spin by
exploiting the stable submanifold. Thisequilibrium state has zero rotor momentum, so themodel is
equivalent to arigid body with a circumferential damper. The global branches of stable equilibria
may provide useful insightsinto controlled attitude maneuvers, as they do for uncontrolled spin-up
maneuvers.
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One possible extension to thiswork isto consider asimilar gyrostat with damper model, but placed
in agravitational field and subject to the gravity gradient torque. We could no longer simplify the
original equations by assuming zero external forces and moments. Attitude variables are required
to locate the direction of the external force and torque with respect to the body frame. One possible
approach isto use an orbiting reference frame that rotates once per orbit. Equilibriarelative to this
rotating reference frame may require the gravity gradient torqueto precessthe satellite at the orbital
angular rate.



Appendix A

Proof that 15 > 0

In the stability analysis of the damped gyrostat, we encounter a recurring, dimensionless term,
denoted 7., defined as
I, =¢'I, —eb? (A1)

The linear stability analysis requires that I}, be positive for a stable b, axis spin. Here we show
that 7, is always positive.

We start by examining a system consisting of a rigid body B, with a separate point mass, P,
representing the damper mass (see Fig. A.1). The system mass center is point O and principal axes
are defined by the F, coordinate system axes. The mass center and principal axesof 15 are point O’
and the coordinate axes of frame ;. The distance between O and O’ is defined as d*. Particle P
has mass m;, and is a distance b* from O. Note that dimensional quantities are distinguished with
an asterisk, whereas dimensionless quantities are without the asterisk.

By the parallel axis theorem, the moment of inertia of B about the b, axisis
Iy = Iy +m*d* (A.2)

where 1;; is the moment of inertia of B about 62' and m* isthe mass of B. Since O isthe system
mass center, m*d* = m;b*. Therefore,

2
I, =1 + (mpb*) /m* (A.3)

The moment of inertia of the system, B + P, about b, is also easily determined from the parallel
axistheorem and Eqg. A.3,

(A.4)

*2 %,k

m“+mm

[* _ I* +m*b*2 — [l* + p P b*?
2 2 P 2 m*
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Figure A.1: Rigid body with a point mass

Non-dimensionalizing the moment of inertia, asin Ch. 3, and realizing that

!/ m*
£ =—
m* +m,
leads to

[2 = [2b + 5[72/5,
or after rearranging,
e'l, —eb? = €'y, = I, (A.5)

Itisclear that theterm, I, = <'I,,, and is therefore always positive. Notice also that as the damper
mass approaches zero and ' — 1, then I, — I, .



Appendix B

Bifurcation Diagrams for Equilibria in the

N

b;—b3 Plane

This appendix includes bifurcation diagrams in the reduced state space, z, = (hl, h3,x), corre-
sponding to equilibriain the b;—b; plane. Damper position, b, and rotor momentum, ., are used
in different cases as the bifurcation parameter. These equilibria are discussed for selected bifurca-
tion diagramsin Sec. 5.3. This Appendix displays equilibria on the momentum sphere and three
state-parameter bifurcation diagrams, providing a more compl ete description of the equilibria. All
the bifurcation diagrams in this appendix use the system parameters defined in Table 5.1. Spring
stiffness (k), damper location (b), and rotor momentum () are specified in each section.
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B.1 Rigid Body With Damper (B + P) Equilibria ( h, = 0):
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Figure B.1: Damper position bifurcations for 5 + P with £ = 0.4. This combination produces
a subcritical pitchfork bifurcation, with the bifurcation point occurring at the nominal spin. A
separate type of pitchfork occurs along the Type 3 equilibrium branch.
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Figure B.2: Damper position bifurcations for B + P with £ = 0.50075. This combination pro-

duces a transcritical bifurcation in the Type 4 equilibrium branches. The nominal-spin pitchfork
bifurcation is subcritical.
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Figure B.3: Damper position bifurcations for B + P with £ = 0.7. This combination produces a
supercritical pitchfork along the nominal-spin branch of equilibria.
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B.2 Gyrostat with Damper (B + R + P) Equilibria for Differ-
ent Spring Stiffness,k: Varying A,
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Figure B.4: Rotor momentum bifurcationsfor B + R + P withb = 0.33 and & = 0.4.
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B.3 Gyrostat with Damper (B + R + P) Equilibria for Differ-

Appendix B
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Figure B.11: Rotor momentum bifurcationsfor B + R + P withb = 0.5and k = 0.4.
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B.4 Gyrostat with Damper (B + R + P) Equilibria for Differ-
ent Rotor Momentum, h,: Varying b
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Figure B.12: Damper position bifurcations for 5+ R + P with h, = 0.001 and k¥ = 0.4. This
represents a very small perturbation from the h, = 0 case. This perturbation breaks the Type 3
branch pitchfork into two separate branches.
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Figure B.13: Damper position bifurcations for B + R + P with h, = 0.01 and & = 0.4. This
represents a small perturbation from the ~, = 0 case. Non-zero h, changes the nominal pitchfork

bifurcation pointsfor ~;, = +1. For h, = 0, these two bifurcation points occurred for the same b
value.
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Figure B.14: Damper position bifurcations for B+ R + P with h, = 0.05 and £ = 0.4. This
represents a medium-size perturbation from the ~, = 0 case.
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Appendix C

Bifurcation Diagrams For Global
Equilibria: Effects of Spring Stiffness

This appendix includes bifurcation diagrams in the full state space, z = (hy, hs, hs, p,, ). Rotor
momentum, h,,, is the bifurcation parameter for each diagram. Selected bifurcation diagrams are
discussed in Sec. 5.4. This Appendix displays the equilibria on the momentum sphere and on five
state-parameter bifurcation diagrams, providing a more complete description of the equilibria. All
the bifurcation diagrams in this appendix use the system parameters defined in Table C.1.

Table C.1: System parameters for oblate gyrostat equilibria, varying spring stiffness

Inertia Properties Damper Parameters

I, = 0.40 c=0.10
I, = 0.28 c=0.10
I; = 0.32 b=0.33
I, = 0.04

In thisappendix, the spring stiffness, £, isdifferent for each set of bifurcation diagrams. The values
of £ are selected to demonstrate the qualitative changes possiblein the equilibriabranch structures.
We selected the following values: £ = 0.1,0.2,0.4, and 0.7.
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Figure C.1: Rotor momentum bifurcation diagrams: b = 0.33 and k£ = 0.1



Ralph A. Sandfry

1+ p
1',§~~~
/ 4
0.5 { l
— l‘ II
= \ 1
(O] N "
el \
§ 04 \\Il
3 A
3%
> 0
-0.5+ \
o
-1
-1
-1
05 Variable h2
Variable h, 11
(d) Momentum sphere
1r ;"‘—_--’ &> ]
0.8t . S ]
/I’ \\\
0.6F #e e J
II S~o - _-- - .
0.4f A el i :
] - ~ 1
<N o2l N LT Seo_Lv ' |
<@ 1 '
8 o T I IC AL T bomimmimmo]
= 1 1
T L ' - P i
> -0.2 |‘ ,’ \\\ ”/ \ 'l
1 ~ -
-0.41 Y L < X \|,, J
-0.6F “_—’—— R :‘ 4
\‘\ ,//
-0.8" N 47 1
. R .t
-1F N ‘—___—"" 4
-05 -04 -03 -02 -01 0 01 02 03 04

Parameter ha

(€) ha vs. h,

0.2

0.15f

pn

Variable

-0.15f

-0.2 *

-0.5 -0.

-0.3 -0.2 -0.1 0 0.1
Parameter ha

0.2

(€) pn Vs hq

0.3

0.4

0.5

Appendix C

—

< 0.2

Variable

1
0.8
0.6
0.4

0
-0.2
-0.4
-0.6
-0.8

-1

-0.

5 -04 -03 -0.2 -0.1 0 03 04
Parameter ha

0.1

() 11 VS. ha

1
0.8
0.6
0.4

™

<702

Variable

Variable x

0
-0.2
-0.4
-0.6
-0.8

-1

-0.5 -04 -03 -0.2 -0.1 O
Parameter ha

25

15

0.5

23,

0.1 0.5

(d) hs vs. hy,

5 -04 -03 -02 -01 0 0.1
Parameter ha

02 03 04 05

(f) z vs. hq

Figure C.2: Rotor momentum bifurcation diagrams: b = 0.33 and k = 0.2

177



Ralph A. Sandfry

g ~
1+ ’/' ,,' S .
~
/ ’ LSRN
1 A Y
_—— \
--==L
d ~
0.5+ 0 1 S

1 ! 1
_cH \ 1 ’
o \ I 7
= v

7’
% 0- A | 4
= \\I‘/
(L] Rl
> ’ [ IR
[l
-0.54 ( \
\

2
o
N

Variable h

0.2

0.15

0.1

Variable p

o o
o o
a o 5

-0.15

-0.2

-0.

0. Variable h,
Variable h, 11 2
(8) Momentum sphere
[ P z T §\~ ~ ]
L R [N ]
AT
L ‘. N |
II N
' \
L ; X i
1 )
|- 1 ) E
1 1
1 1
____________ Pimim =i m s ole = -i----
1 1
\ 1
L : ! i
\ 1
|- \ ! E
\\ I’
F \\ ,l 4
SOTTIITTTRR Ty
L S i
5 -04 -03 -02 -01 O 01 02 03 04 05
Parameter ha
(C) ha vs. h,

L }12 ) e i
| I// «cI>FITES . |
1 \\

J' '
lemimimimm ISR S PP -
\ 1
\ 1
L \ ’ 4
N - - ’

N Ss=z=So2 ’
~- - g
5 -04 -03 -02 -01 0 01 02 03 04 05

Parameter ha
(&) pn Vs. hy

Appendix C

178

1

0.8
0.6
0.4

<02
<@
g 0
a_
$-02

-0.4

-0.6

-0.8
-1
-05 -04 -03 -02 -01 0 01 02 03 04 05

Parameter ha
(b) hy vs. hy
1+ \ ,
0.8f ) :
\\ I,
0.6 \, B
- I‘ -
0.41 ST ,
o™ - 1 ~
< 0.2+ R ‘i 5 ~ 4
g ’ e \
@ O === Pttty (b Gttt P
= “ '(' e ’
S _gol e R |
> 02 AN
-0.4f (__:\:—,.. _) 1
-0.61 s 1
II \‘

-0.8f 1
al . ]
-05 -04 -0.3 -0.2 -0.1 0 01 02 03 04 05

Parameter ha
(d) hs Vs. hy,
2
1.5¢ e . 1
\
1t RRY R 1
sl ot
I AN
« 0.5F ® A . ]
% . J A
8 Ofmmmmmm e bomimim o BRI EIEAES I
< N Nt L
“~ U ’,
>_0_57 .. ;9:\ P 1
~ 37
,':>:‘\\\
-1r ,’,, N —
1

-1.5F R g
N . . . . . . . . .
-05 -04 -03 -02 -01 O 01 02 03 04 05

Parameter ha

(f) 2 vs. ha

Figure C.3: Rotor momentum bifurcation diagrams: b = 0.33 and k£ = 0.4



Ralph A. Sandfry

/_——-:7<:
1+ » ’ ~
P2 4 \\
” ,/ .
i A
’ AY
/ \
G \
0.5+ ’ \
— .~ ;"\
< 1 \
v
Q [
Qo - . ’
g O SN
o— s
= £
‘5 AL
> PR
i
vl
AY \
\

Variable h, : 11

(d) Momentum sphere

1k e =

0.8 R TN
0.61 ’ \
0.4+ ’ \

2

0.2r

Variable h

. |
-0.2f | !
-0.4f . :
-0.6F . .
-0.8f AN v’

-1 S8~

1
1
1
Of=mimimmims fmimmimimm e Fommmimm .

-0.5 -04 -03 -02 -01 0 0.1
Parameter ha

(C) ha vs. h,

0.2

0.15

0.1 - RN

pn

Variable

-0.15

-0.2 *

-05 -04 -03 -0.2 -0.1 0 01 02 03

Parameter ha

(€) pn Vs hq

0.4

0.5

Appendix C 179
lF-------c----=-- v
. |
\
0.8 . \ i
Y |}
0.61 * \ ]
A
AR
0.4t N RS 1
N Ay
<70.2f Mo 1
2 o,
[ or \ ,‘\ ! q
3 e
$-0.2r O ]
A N
-0.4F N ]
-0.61 ' AN 1
\ R
-0.8} K B ]
. \ .
1 N
-1 . Ly -|
-05 -04 -03 -0.2 -0.1 0 01 02 03 04 05
Parameter ha
(b) hy Vs. hy
1F \_--( ]
0.8+ ) ] ]
I \}
0.6 ! . 8
0.4f ! | il
1 1
<2020 ATy TR 1
K] R 1 [N
e} b - B e ES R g B -
g 0 S I N ! ,’)-
S-02f f
-0.4} \ i i
\} 1
-0.6F \ B i
1 1
-0.8F ! ! 1
L ).\ ,
-05 -04 -03 -02 -01 0 01 02 03 04 05
Parameter ha
(d) hs vs. hy,
15 ; ; ; ; . . . . ‘
1F o 1
II\‘
,
AL |
’ VN
x ., II ! rl ' A
g ! ! “' 1 \\
® Opmmmmmmmmm e e ittt -]
—_ \ 1 )
m 1 7
> \ ‘\ ’l ‘\ ,’ L,
Sy oy, .
-0.5¢ o4 )\‘:, 1
.
l\,
_17 |
_1.% ‘ ‘ . . . . . . .
-05 -04 -0.3 -0.2 -01 0 01 02 03 04 05

Parameter ha

(f) z vs. hq

Figure C.4: Rotor momentum bifurcation diagrams: b = 0.33 and k = 0.7



Appendix D

Bifurcation Diagrams For Global
Equilibria: Effects of Damper Location

This appendix includes bifurcation diagrams in the full state space, z = (hy, hs, hs, p,, ). Rotor
momentum, h,,, is the bifurcation parameter for each diagram. Selected bifurcation diagrams are
discussed in Sec. 5.4. This Appendix displays the equilibria on the momentum sphere and on five
state-parameter bifurcation diagrams, providing a more complete description of the equilibria. All
the bifurcation diagrams in this appendix use the system parameters defined in Table D.1.

The equilibria are displayed on the momentum sphere and on five state-parameter bifurcation dia-
grams. All the bifurcation diagramsin this appendix use the following system parameters:

Table D.1: System parameters for oblate gyrostat equilibria, varying damper location

Inertia Properties Damper Parameters

I, = 0.40 c=0.10
I, =0.28 c=10.10
I; = 0.32 k=0.40
I, = 0.04

In this appendix, the damper location, b, is different for each set of bifurcation diagrams. The
values of b are selected to demonstrate the qualitative changes possible in the equilibria branch
structures. We selected the following values. b = 0,0.02,0.2,0.2, and 0.5. The first, b = 0,
is a special organizing case. For the damper just slightly displaced from the body frame origin
(b = 0.02), the b = 0 equilibria branches are perturbed into new branch structures. Qualitative
changes continue for increasingly large b.
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Appendix E

Bifurcation Diagrams For Global
Equilibria: Different Inertia Properties

This appendix includes bifurcation diagrams in the full state space, z = (hy, hs, hs, p,, ). Rotor
momentum, h,,, is the bifurcation parameter for each diagram. Selected bifurcation diagrams are
discussed in Sec. 5.5. This Appendix displays the equilibria on the momentum sphere and on five
state-parameter bifurcation diagrams, providing a more complete description of the equilibria.

Bifurcation diagram sets are included for different permutations of major, minor, and intermediate
axes. Since the stability analysisin Ch. 4 showsthat I; = I; — I, istheimportant inertia parameter
for nominal spin stability, we use numerical examples where I, and also I] are the major, minor,
or intermediate axis as specified.

E.1 Oblate Gyrostats: Major Nominal Spin-Axis

There are two possible types of oblate gyrostats, for either I, or I as the least moment of inertia.
Bifurcationsfor I; > I} > I3 > I, are presented in Ch. 5 and are not repeated. For reference, see
the bifurcationsin Sec 5.2.3.

Bifurcationsfor I; > I; > I, > I3 are produced using the system parameters defined in Table 5.6:
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E.2 Prolate Gyrostats: Minor Nominal Spin-Axis

A range of inertia properties is possible for minor-axis gyrostats. The Table E.1 illustrates the
selected points of inertia properties used in this section. The remaining parameters are defined in
Table 5.6.

Table E.1: Range of Inertia Properties for a Prolate Gyrostat

I I, I3
0.28 040 0.32
0.28 037 0.35
0.28 0.36 0.36
0.28 035 0.37
0.28 032 0.40
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Figure E.3: Rotor momentum bifurcation diagrams for prolate gyrostats. 7; = 0.28, I, = 0.37,
and I3 = 0.35
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E.3 Intermediate Nominal Spin-Axis

E.3.1 Bifurcations for the I3 > I > I{ > I, case

The equilibriaare displayed on the momentum sphere and on five state-parameter bifurcation dia-
grams, using the system parameters defined in Table 5.7

E.3.2 Bifurcations for the I, > I; > I] > I3 case

The equilibria are displayed on the momentum sphere and on five state-parameter bifurcation dia-
grams, using the system parameters defined in Table 5.9.
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Appendix F

Bifurcation Diagrams For Perturbed
Model-Oblate Gyrostat

The standard model is perturbed by adding alignment errors to the model for the rotor alignment
vector, a, and the damper alignment vector, . Separate cases are presented for displacements
of these vectors within the b;—b; plane (in-plane) and perpendicular to the b,—bs plane (out-of-
plane). The in-plane errors are perturbed by 1° in the +b; direction. The out-of-plane errors are
perturbed by 2° in the +b, direction. The larger displacement is necessary to clearly show the
effects of the out-of-plane errors. We apply numerical continuation and produce branches of equi-
libriafor varying rotor momentum. Selected bifurcation diagrams are discussed in Sec. 7.2. This
Appendix displays the equilibria on the momentum sphere and on five state-parameter bifurcation
diagrams, providing a more complete description of the equilibria. The bifurcation diagrams use
the system parameters defined in Table 7.2.
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Appendix G

Bifurcation Diagrams For Perturbed
Model-Prolate Gyrostat

The standard model is perturbed by adding alignment errors to the model for the rotor alignment
vector, a, and the damper alignment vector, . Separate cases are presented for displacements
of these vectors within the b;—b; plane (in-plane) and perpendicular to the b,—bs plane (out-of-
plane). The in-plane errors are perturbed by 1° in the +b; direction. The out-of-plane errors are
pertubed by 2° in the +b, direction. The larger displacement is necessary to clearly show the
effects of the out-of-plane errors. We apply numerical continuation and produce branches of equi-
libriafor varying rotor momentum. Selected bifurcation diagrams are discussed in Sec. 7.3. This
Appendix displays the equilibria on the momentum sphere and on five state-parameter bifurcation
diagrams, providing a more complete description of the equilibria. The bifurcation diagrams use
the system parameters from Table 7.3.
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