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Chabot, J. A. (M.S., Aerospace Engineering)
A Spherical Magnetic Dipole Actuator for Spacecraft Attitude Control

Thesis directed by Prof. Hanspeter Schaub

Spacecraft generally require multiple attitude control devices to achieve full attitude actuation
because of the limited control authority a single, traditional device can provide. This work presents
a new momentum-exchange device that has the potential to replace traditional attitude control
systems with a single actuator, in turn providing mass, volume, and power savings. The proposed
actuator consists of a spherical dipole magnet enclosed in an array of coils that are fixed to the
spacecraft body. Excitation of the coils as prescribed by the control law accelerates the dipole
magnet in such a manner as to produce a desired reaction torque for orienting the spacecraft. The
coils also control the magnet’s position inside the spacecraft body via a separate control law, which
is necessary because of the non-contact nature of the device. Analytical force and torque models
are developed and are used in single and dual actuator attitude control schemes. Simulations
conducted so far indicate that full attitude control is possible from a single device despite the
axisymmetric field of the magnetic dipole rotor, which was anticipate to cause underactuation
issues. Additionally, a dual actuator system is investigated to provide control redundancy, which
is desirable in many missions. Finally, the single actuator system is compared to a cluster of three

reaction wheels, illustrating how this device can provide mass, volume, and power savings.
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Chapter 1

Introduction

1.1 Traditional Attitude Control Systems

The attitude control system (ACS) is a crucial part of nearly all spacecraft, integral to
many aspects of a mission, such as pointing the spacecraft’s solar panels at the sun to charge
the batteries, aiming antennae towards earth or other satellites for communication, or pointing
science instruments, such as a telescope, at a desired location in the sky. And of course if the ACS
fails, communication can be lost, the spacecraft can run out of power and die, or science can’t be
collected.

Thrusters can be used for attitude control, however they are generally reserved for larger
maneuvers, such as changing or maintaining an orbit, or as a backup attitude control system
should the main ACS fail. A popular type of attitude control actuator found on spacecraft are
momentum-exchange devices — namely, reaction wheels (RWs) and control moment gyros (CMGs).
These devices work by transferring angular momentum between the spacecraft body and spinning
momentum storage wheels. This transfer of angular momentum in turn alters the spacecraft’s body
rates and attitude.

Reaction wheels are a common choice in spacecraft because they are relatively simple devices
and do not have control singularities. At its core, a reaction wheel control system is composed of
a set of momentum wheels whose spin axes are fixed to the spacecraft body. By accelerating the
wheels, a reaction torque is applied to the spacecraft, altering its attitude. A minimum of three

reaction wheels, whose spin axes span 3D space, is required on a spacecraft for full attitude control,



Figure 1.1: A set of 3 reaction wheels.

such as the cluster shown in Figure 1.1. However, four or more reaction wheels are often used for
control redundancy in case of failure.

Although they are singularity free, one issue reaction wheels can encounter is wheel speed
saturation. Over the course of a mission, the attitude control system must compensate for distur-
bance torques, such as atmospheric drag, to maintain a desired attitude. This can cause angular
momentum to build-up in the reaction wheels leading them to eventually reach their momentum
storage limit, which is directly related to wheel speed. As such, a spacecraft with reaction wheels
will generally have a means for removing or “dumping” angular momentum, such as magnetorquers
or thrusters. These devices provide external torques on a spacecraft system that can reduce the
angular momentum stored in the reaction wheels, preventing them from saturating. Along with
wheel saturation, a reaction wheel cluster with a large total angular momentum can make it difficult
to reorient a spacecraft to a desired attitude.

Magnetorquers are coils of wire that interact with an external magnetic field, such as the
Earth’s, when current is sent through them. They produce very little torque because of the strength
of the external magnetic field, however magnetorquers have been used as the sole means for attitude
control in some satellites and are discussed further in Section 3.3.

Unlike reaction wheels where the momentum storage component is fixed to the spacecraft
body, a CMG consists of a spinning wheel that can be gimballed about one or two axes depending
on the design. Figure 1.2 illustrates a single-axis CMG with a wheel spinning at a constant angular

velocity of €2 and with a gimbal angle rate of 4. In this instance, the gimbal axis is fixed to the



spacecraft body, allowing one degree of gimbal freedom. As such, a minimum of three CMGs is
required for full attitude control. Gimballing the momentum wheel amplifies the relatively small
torque on the gimbal frame to a much larger torque on the spacecraft body. As such, CMGs require
less energy than reaction wheels, in general, and are often used to control larger structures, such
as the International Space Station where two dual-gimbal CMGs are used.

Drawbacks with CMGs include a relatively complex control strategy and a greater cost than
RWs due to the complexity introduced by the gimbal mechanism. Additionally, CMGs can en-
counter singular gimbal angle configurations where the CMG cluster is unable to produce the
desired torque or sometimes any torque at all. Control schemes have been developed to avoid these
singularities and use techniques such as varying the wheel speed, 2, effectively combining the ben-
efits of a reaction wheel and a CMG. As mentioned, dual-axis CMGs exist where the gimbal frame
can rotate with two degrees of freedom. They are less prone to singularity issues, however they are
also more expensive than single-axis CMGs because of the increased mechanical complexity of the
device [1].

A nice feature of CMGs, reaction wheels, and magnetorquers is they are all electrically
powered, and so long as there is power aboard the spacecraft, these devices will work. This is a

major reason why they are favored over thrusters, which rely on a finite amount of fuel.

,-'),

Figure 1.2: Single-Axis Control Moment Gyro



1.2 Motivation behind Spherical Attitude Actuators

The concept of a spherical attitude actuator is very similar to that of a reaction wheel — by
accelerating a mass about an axis, a reaction torque is imparted on the spacecraft. With a spherical
actuator however, that axis of rotation can be arbitrary. The first spherical actuator for attitude
control was patented in 1960 by Haeusseraiann [2]. His design, shown in Figure 1.3, consists of
a spherical mass suspended by an air bearing or magnetic field that can be accelerated about an

arbitrary axis via jets of gas or a changing magnetic field.

Jan. 23, 1962 W. HAEUSSERMANN 3,017,777
SPACE VEHICLE ATTITUDE CONTROL MECHANISM
Filed Oct. 14, 1960 4 Sheets-Sheet 1

5 |6 47X

RESERVOIR

Figure 1.3: Diagram of Haeusseraiann’s patent for a spherical attitude actuator [2].

A similar patent published by Heinrich in 1961 cites the lack of gyroscopic effects, which are
inherent in reaction wheels, as the impetus behind the pursuit of a spherical actuator because “eval-
uation of these effects can be accomplished only by a highly complicated electronic computer” [3].
Of course navigation processors aboard spacecraft today have no issue calculating these gyroscopic
effects, leaving the promise of 3-DOF attitude control from a single device the driving force behind

research in this area.



Having a single actuator provide full attitude control is very appealing because it has the
potential to reduce ACS mass, volume, and power requirements, all of which greatly impact the cost
of a mission. Spherical actuators also have the potential to reduce vibrational noise in a spacecraft
and to increase the ACS lifespan. Both of these features stem from the non-contact nature of the
spherical actuator. Conventional bearing systems are not well suited for spherical motion, and
therefore the spherical mass must be suspended by other means. Additionally, mechanical contact
in traditional bearing systems causes vibrations in a spacecraft, which are undesirable in missions
where precision attitude pointing is necessary. Mechanical bearings are also often the source of
ACS failure due to wear caused by physical contact.

In essence, spherical actuators are three-dimensional extensions of conventional electric mo-
tors, and as with conventional electric motors, spherical actuator designs fall under two general
categories: synchronous and asynchronous. Asynchronous motors utilize a changing magnetic field
to induce a current in a non-magnetic rotor. In turn, the induced current interacts with the
changing magnetic field to produce a torque. Synchronous motors, on the other hand, rely on the
interaction between permanent magnets and electromagnets. Coil excitation in the motor is timed
via control logic to produce torque and spin the rotor. In general, asynchronous motors tend to
be less efficient and have lower speed capabilities than synchronous motors, but are simpler and

cheaper than synchronous motors [4].

1.2.1 Asynchronous Spherical Actuators

The majority of research into spherical actuators for attitude control conducted so far is
focused on asynchronous-type designs. These designs fundamentally consist of a non-magnetic,
conductive sphere, the rotor, that can be accelerated via a changing external magnetic field that is
produced by an array of coils, the stator. Early designs such as those patented by Haeusseraiann
and Heinrich propose using air bearings as a means of supporting the rotor [2,3]. However, im-
plementation of this on a spacecraft would be difficult as it requires an onboard, closed-loop, gas

compression system to power the bearing.



Tierney and Ormsby later propose using electrostatic repulsion to suspend the rotor [5,
6]. Current designs, though, have moved away from using electrostatics due to the large electric
potentials and hard vacuums needed and instead rely purely on induced effects for torque production
and rotor suspension [7]. A large portion of the research in this area focuses on developing models,
both analytical and numerical, for the induced currents in the rotor and for the force and torque
production of the device [8-20]. Analytical solutions, however, are only available for simplified
models due to the complicated magnetodynamics involved with the changing magnetic field.

Experimental investigations have been conducted to validate these models and move towards
real world application [21-24]. Figure 1.4 shows Shirasawa’s experimental setup where a conductive
rotor is suspended and torqued via a changing external field. In all of these asynchronous designs,
eddy current losses pose a problem in terms of efficiency. Eddy currents are unfavorable, induced
current flows inherently caused by the changing magnetic field. Conventional asynchronous motors
have features in the rotor that guide the induced current, in turn reducing eddy currents and
greatly improving efficient. However because of the three-dimensional nature of this device, such
eddy current mitigation features are difficult, if not impossible to include in the rotor design,
therefore limiting the efficiency of the device. The induced currents will also cause heating of the
rotor, which could be problematic because the rotor has no means of heat transfer aside from

radiation across the vacuum gap between the rotor and stator.

Figure 1.4: Asynchronous Spherical Actuator [24]



Along with research into asynchronous spherical actuators for attitude control, work has been
done with robotics applications [25-27]. However, asynchronous actuators are often undesirable in
these applications because they cannot provide the angular precision a synchronous motor can. As
such, the majority of research into spherical actuators for robotics applications involves synchronous

designs, which are covered in the next section.

1.2.2 Synchronous Spherical Actuators

In more recent years, synchronous spherical actuators for attitude control have gained inter-
est thanks to the advancement of digital motor control electronics and the continually increasing
computational power of microprocessors. In 1991, Nakanishi patented a “control moment gyro hav-
ing [a] spherical rotor with permanent magnets” that consists of a rotor whose surface is embedded
with a pattern of alternating magnetic poles [28]. In his invention, the stator coils control both the
spin and gimbal angle of the rotor, leveraging the torque amplification properties of a CMG. To
accomplish this, electronics control stator coil excitation in time with the motion of the permanent
magnets in the rotor to produce torque and motion. This is similar to what occurs in permanent
magnet DC motors and brushless DC motors.

Currently, Rossini et al. are the only group publishing research on synchronous actuators for
attitude control. Their design consists of a rotor with eight equally distributed permanent magnets
and a stator with 20 coils, as shown in Figure 1.5 [29,30]. Analytical force and torque models for
this actuator are developed and confirmed through finite-element modeling [31] and experimental
investigations [32-34]. Also, their studies examine optimal stator sensor placement [31], rotor design
optimization [35], back-EMF modeling [30], and eddy current losses [36,37].

Although there is limited research into synchronous spherical actuators for attitude control,
they have been studied in detail for robotics applications [38—68]. The spherical actuator is appeal-
ing from a robotics standpoint because it constitutes a fully actuated ball joint. The literature in
this area examines various design aspects, such a magnetic pole placement [69], pole design [70,71],

coil placement [72], and coil modeling [73,74]. For these robotics applications, there is generally a



8-pole rotor z coil with spherical shape

Stator

Figure 1.5: Synchronous Spherical Actuator [30]

means for torque transmission, such as a shaft, which limits the motion of the device. These de-
vices also rely on a bearing system to support the rotor due to the presence of gravity and external

loading depending on the application.

1.3 Spherical Magnetic Dipole Actuator

One difficulty with the synchronous designs proposed in the literature is the fabrication
of the rotor, which is a collection of permanent magnets affixed to a substrate. For robotics
applications where angular velocities are relatively low, the rotor does not need to be precisely
balanced to be effective. However in momentum storage situations, such as with spacecraft attitude
control, the rotor will reach very high spin rates and even small imbalances in the rotor will lead
to large vibrations and potential destruction of the device. Because of this, the rotor would require
precision machining of magnetic material, likely making the device difficult to manufacture and
costly. Furthermore, the rotor structure must withstand the large centripetal forces that occur at
high angular velocity.

The design proposed in this thesis instead uses a spherical dipole magnet as the rotor, as
illustrated in Figure 1.6. Spherical dipole magnets are inexpensive, readily available, and produced
from a homogeneous substrate, making them better-suited for high speed applications than multi-

pole rotors. However, unlike with multi-pole rotors whose magnetic field is spherically symmetric,



a dipole rotor cannot provide an arbitrary torque at an instant in time because of the axisymmetry
of its magnetic field. At first, this appears to be a major flaw in this design. However as will be
seen in Section 3.3, control is actually possible from such a device. In the end, the spherical dipole
actuator provides the mechanical simplicity of an asynchronous actuator with the efficiency of a

synchronous actuator.

Magnet
(Rotor)

Coils
(Stator)

Figure 1.6: Spherical Dipole Actuator with 20 Coils



Chapter 2

Mathematical Formulations

2.1 Equations of Motion for Spacecraft with Three Reaction Wheels

A reaction wheel attitude control system is simulated in Chapter 4 for comparison against
the proposed spherical actuator. As such, the equations of motion governing a spacecraft system
with three reaction wheels aligned with the spacecraft principal axes of inertia are derived herein.
Let us first define a spacecraft body-fixed frame, B : {I;l, 52,53}, where the coordinate axes are

b reaction

aligned with the principal axes of inertia of the spacecraft. Figure 4.1 illustrates the m®
wheel in the cluster with its wheel-fixed coordinate frame defined as W,, : {ws,, , W, , Ws,, }, where

Wws,, = b,,. Note that all vector quantities are assumed to be given in the B frame unless otherwise

indicated.

Figure 2.1: Reaction Wheel Coordinate Frame Illustration.

With this coordinate frame definition, the inertia tensor as seen from a wheel frame for a
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given wheel is

Iy, 0 0
Miwl=1|0 Iy, o0 (2.1)
0 0 I

where [y, is the inertia about the wheel spin axis and Iy, is the wheel inertia about a transverse
axis. All three wheels are assumed to have the same inertia properties in this derivation. The total

angular momentum for the system is

3
H=Hp+ » H, (2.2)
m=1
where Hp is the angular momentum of the spacecraft body plus the transverse components of
the wheel angular momenta and H,,, are the wheel angular momenta about their spin axes. The

transverse components of wheel angular momenta are grouped with the first term in Eq. (2.2)

because they are constant as seen from the spacecraft body frame, resulting in

3
HB = [IB]WB/_/\/’ + ‘[Wt Z (wamwgm + wbmwgm) WB/N

m=1

= [IB]WB/N""QIWt WB/IN (2.3)

where [Ip] is the spacecraft body inertia tensor and wp /n 1 the angular velocity of the spacecraft
body with respect to some inertial frame A/. The angular momenta of the wheels about their spin

axes, on the other hand, depend on wheel speeds. Therefore,

= I, (wg/n + Q) (2.4)

where Q,, is the m™ wheel speed with respect to the spacecraft body and € is the wheel speed

vector. Eq. (2.2) can now be rewritten as

H = ([Ip] + 2Iw,[I3x3]) wp/n + Tw, (wp/n + Q) (2.5)
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The time rate of change of angular momentum about a system’s center of mass is equivalent

to the net external torque on the system:
H=L (2.6)

Because Eq. (2.5) is described in the B frame, the transport theorem must be applied when taking
the inertial derivative in Eq. (2.6):

Nd Bq

E(H): a(H)—I—wB/NxH:L (2.7)

resulting in
(UB] + 21w, [I3x3]) wp/n + wi/n X [IBlwp/n + Tw, (GJB/N + Q) +wpnv X I, 2=L (2.8)
Next, Eq. (2.6) can be applied to the individual wheel spin axis angular momenta:
H,, = Iw, (0m + Q) Wi, + wpn X Tw, (W + Q) = L, (2.9)

where L,, is the external torque on the given wheel. At this point, it’s beneficial to isolate the
component of torque that causes the wheel acceleration, €2,,,, because this will provide a relationship
between the reaction wheel motor input torque and the resulting torque on the spacecraft body.
By the wheel coordinate frame definition, the first component of L,, is the motor torque and will

be denoted as u,,. Extracting the first component from Eq. (2.9) yields
U, = Ty, (O + Q) (2.10)

which can be used to create a vector equation relating reaction wheel cluster torque to angular
accelerations:
T =1Iy (w+Q) (2.11)

T

where 7 = [uy ug ug]' is the vector of reaction wheel motor torques. Finally, Eq. (2.11) can be

substituted into Eq. (2.8) producing

([IB] + 21w, [I3x3]) wp/n + wp/n X [[Blwp/n +wp/nv X Iw, 2 +u=L (2.12)
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For the simulations presented in Chapter (4), there are no external torques on the spacecraft system
and the wheel inertia is much smaller than that of the spacecraft body. Therefore, [I5] > 2w, [I3x3]

and Eq. (2.12) may be simplified to
[IB]GJB/N:—L«JB/NX [IB]WB/N_“)B/NXIWSQ_U (2.13)
2.2 Equations of Motion for Spacecraft with n-Spherical Actuators

The total angular momentum for a spacecraft with n-spherical actuators is simply the sum

of the angular momenta of the spacecraft body and the n-spherical actuator rotors,

n
H=Hp+ » H, (2.14)

m=1

where Hp is the spacecraft body angular momentum and H,,, are the spherical actuator momenta.
Again, the time rate of change of angular momentum about the system’s center of mass is equivalent
to the net external torque on the system. Therefore, Eq. (2.6) may be applied

n
H=Hp+ ) H,=L (2.15)

m=1

and additionally, each spherical actuator can be treated as a separate system whose angular mo-

mentum rate is caused by an external torque:
H, =—u, (2.16)

Note that the actuator torque u,, is negative in this instance because, as will be seen in Section
2.3, the actuator torque model describes the torque on the actuator coils, whereas here torque on
the rotor is of interest. Hence the need for the sign change. Eq. (2.16) can then be substituted into
Eq. (2.15) producing
n
Hg— > u, =L (2.17)
m=1

Because Hp is described in the spacecraft body frame, the transport theorem must be applied to

take the inertial derivative:

Bd n
< (Hp) +wp x Hp — > u, =L (2.18)

m=1
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From the definition of angular momentum about a rigid body’s center of mass and due to the fact
that the spacecraft inertia tensor is constant as seen from the spacecraft body frame, Eq. (2.18)
may then be rewritten as
n
[I)@pn +wpyn % IBlwpn = > um + 1L (2.19)
m=1

where wp/ s is the spacecraft body rate vector with respect to an intertial frame and [Ip] is the
spacecraft body inertia tensor. As can be seen from Eq. (2.19), the torque produced by spherical
actuators can be viewed as an external torque on the spacecraft. Additionally, Eq. (2.16) can be
used to derive the equations of motion for the spherical actuators. Since the inertia of a sphere is

identical whether viewed in a body or inertial frame, Eq. (2.16) can be rewritten as

[Ls)m wr,,/x = —Um (2.20)

h

where [Ig],, denotes the m™ spherical actuator inertia and wg,, /n the m*™ angular velocity with

respect to an inertial frame.

2.3 Spherical Actuator Model

The development of the force and torque model for the proposed spherical actuator begins
by examining the interaction between the rotor and an individual coil. Multiple coordinate frames
are defined, as shown in Figure 2.2, where B is a spacecraft body-fixed frame, R is a frame fixed
to the dipole rotor and aligned with its axis of magnetization, and C, is the k' coil-fixed frame
aligned with the axis of the k" coil.

To find the force and torque on an individual coil caused by the magnetic field of the rotor,
the Lorentz force law is first simplified by assuming there are no external electric fields present in
the system:

dF, = (pE+J x B)dV = (J x B)dV (2.21)

where dF}, is the differential force on the coil current density J caused by the external magnetic

field B. Eq. (2.21) is modified into a torque expression by taking the cross product between the
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Figure 2.2: Definition of Spherical Actuator Coordinate Frames

position vector and the differential force element:
dTy =R xdF; =r x (J x B)dV (2.22)

Next, integrating Egs. (2.21) and (2.22) over the volume of the coil yields the total force and torque

acting on the coil:

Fj, = /J x BdV (2.23a)
14

Ty :/RXJ x BdV (2.23b)
1%

These volume integrals can then be expanded into a useful form using spherical components, pro-

ducing
Ry, 0, pm
Fi = / / J x B R?sinfd¢df dr (2.24a)
Ry JO, J—7
Ry Oy, pm
T = / R xJ x BR%*sinfd¢dfdR (2.24b)
Ry JO, J—7

As shown in Figure 2.3, parameterization with spherical components is convenient since the
coil is a section of a sphere delimited by its inner and outer radii, R, and Ry, its minor and major
central angles, 6, and 6, and its angle of revolution, ¢. At this point in the development, it’s

useful to assign coordinate frames to the vectors. Because force and torque on a single coil are
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- 5

Y
Figure 2.3: Coil Coordinate Frame

being examined, it is beneficial to express Eq. (2.24) in a local coil frame:

Ry O, pm
Cka:/ / / € J x ‘B R?sin 6 d¢d dr (2.25a)

Rb 0b ™
Crpy, :/ / / R x J x *“B R?sinfd¢df dR (2.25b)

where the position vector to a differential element in the coil frame is

Rsinf cos ¢
R = Rsinfsing | (2.26)
Rcosf
and the current density vector is
—sing —sin¢
A cos ¢ (B2 — R2) (0, — 0,) cos ¢ (2.27)
0 0

In Eq. (2.27), ix denotes the k' coil current, N the number of turns in the coil, and A the cross-

sectional area of the coil. Additionally, the magnetic field of the dipole rotor is given by

B=H0 - (2.28)
A7 p5 p3
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where p is the relative position between a differential coil element and the center of the rotor:
Ckp = CkR — Ckr = C’“R — [CkB] BI’ (229)

Here r is the position of the rotor with respect to the center of the stator and [CxB] is the rotation
matrix that transforms the rotor position from the body frame to the local coil frame. Also to
express the rotor’s magnetic field in the coil frame, the rotor’s magnetic moment vector m must be
transformed:

“m = [C,R] R*m (2.30)

Note that the third axis of the rotor frame is aligned with the rotor’s axis of magnetization. With
everything expressed in the common coil frame, the equations in (2.25) are integrated yielding the
force and torque on a single coil. As it stands now, the integrals in Eq. (2.25) cannot be solved
explicitly and must instead be integrated numerically. However, if the rotor is close to the center
of the stator, r < R and p — R, and with this, analytical solutions to the volume integrals can
be found. These algebraic expressions for F; and T} are provided in the Appendix for reference.
Finally, to get the overall force and torque produced by the spherical actuator given an
arbitrary configuration of coils, the forces and torques from each of the coils must be described in

the body frame and summed together:

Bf = [BCk|“Fy, = [Kpli (2.31a)
k=1

Br = i[gck} Ty = [Kr)i (2.31b)
k=1

where n is the number of coils in the system, [BCy] transforms from the Cj frame to the B frame,
[Kp] and [Kp] are the 3 x n force and torque characteristic matrices, and i is the n x 1 coil
current vector [32]. If the rotor’s position in the stator is accounted for in the derivations, then
the characteristic matrices depend on the rotor’s position and attitude and must be numerically
integrated each time step. This numerical integration is prohibitively time-consuming for real-

time application aboard a spacecraft. However, if the rotor is close enough to the center of the
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stator, then the algebraic characteristic matrices provide a sufficient approximation and can be

precomputed offline, allowing for real-time implementation.

2.4 Actuator Electrical Power Model

A useful measure of ACS performance is power consumption, which is related to the current
draw of and electrical potential across the device. Here, the reaction wheel ACS will be modeled
as a set of three DC motors, which have an established electrical model [4]. A common parameter
used when discussing electric motors is the motor constant, K, which relates motor input current
to output torque:

u=Ki (2.32)
This motor torque relationship can be used in Eq. (2.13) to determine the necessary set of currents
to affect the desired change in spacecraft state. Additionally, the voltage potential across a DC

motor given a motor current ¢ and motor speed w is

d
V=iR+ La (1) + Vemt (2.33)

where R is the resistance across the motor, L is the inductance, and V¢ is the counter-electromotive
force (or back-emf), which is caused by the changing magnetic field in the motor. These equations

can then be used to find the motor power consumption via

P=iV (2.34)
resulting in
P=r4 1l (i) + Veme (2.35)
2 dt o ‘

Equation (2.35) can be used to identify the components of power loss in a motor. The power

dissipation due to thermal losses is given by
Piperm = RZQ (236)

and the power stored in the changing magnetic field by

1 d

T (2
Phela = 2Ldt (¢%) (2.37)
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leaving the mechanical output power of the motor:
Prech = Vemf (2.38)
By definition, rotational mechanical power in a system is given by
Ppech =uw=Kiw (2.39)
These two equations can be equated resulting in an expression for Veyy:
Vemt = Kw (2.40)

The preceding equations can then be expanded into vector form for application with the

spherical actuator, as is described in Rossini [30], producing the following useful power equation:

1d
P=vV%li=Rili+ 5q (i"[L]}) + whn (K] (2.41)

Note that in this equation, the induction term [L] is a matrix that describes the mutual and self
induction of the coil array and that the motor constant [Kr] is the matrix found in Eq. (2.31b). For
the simulations presented in Chapters 3 and 4, the induction terms in Eq. (2.35) and Eq. (2.41) are
assumed to be negligible compared to the other terms and are therefore neglected, as is common

when creating a simplified motor model [4].

2.5 Spacecraft Attitude Control

Along with the spacecraft dynamics equations, an attitude parameterization is necessary.
Modified Rodrigues Parameters (MRP) are chosen, and therefore the MRP attitude kinematic

differential equation is given by

o=-[1- olo)l3y3 + 26 + QO'UT] w (2.42)

=

where o is the MRP attitude vector [1]. To avoid the MRP singularity, the norm of o is kept less
than or equal to unity by switching to the MRP shadow set when necessary. This also ensures that

the shorter attitude control trajectory will be chosen.
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The following feedback control law is used to stabilize the spacecraft relative to the attitude
origin:

r= Zn: u, = —Po — [D]w (2.43)
m=1

where P is a positive scalar and [D] is a positive-definite matrix. This attitude regulation control
law is globally asymptotically stabilizing if no unmodeled torques are present, which is the case
for all simulations presented here [1,75]. Note that the following developments are not tied to
this particular choice of attitude control law in Eq. (2.43). Rather, this proportional-deriviative
regulation control can be substituted with any desired attitude control torque expression, including
a reference tracking control. Of interest is how this desired control torque 7 is generated through
the rotors and coils.

The relationships between coil current and actuator force and torque that are established in
Eq. (2.31) can now be used to calculate the necessary coil current vector given a desired spacecraft

torque command. For the case where only a single spherical actuator is used,

KT T
i= (2.44)
Kp f

relates coil currents to forces and torques. Here, the rotor position control force f is given by a

closed-loop feedback control law. A simple PD controller is chosen to provide rotor position control:
_f = —KPI' — KDf‘ (2.45)

where Kp and Kp are positive scalar gains, r is the rotor position error, and 1 is the rotor velocity
error. The position error is given by

r=D —-D (2.46)

where D’ is the actual position of the rotor with respect to the spacecraft center of mass, which is
time varying, and D is the position of the center of the stator with respect to the center of mass,

which is constant as seen from the body frame. Also, the velocity error is given by

i=—(D')—wpn x D (2.47)
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As will be seen in Chapter 3, the position of the rotor does not converge to zero unless the
spherical actuator is at the center of mass of the spacecraft or if the spacecraft body rates are zero.
This is because Eq. (2.45) is only a regulation control law. If the actuator is away from the center
of mass and if the spacecraft has a body rate, a non-zero control effort will be needed to prevent the
rotor from impacting the stator wall. The control law presented in Eq. (2.45) will only cause the
rotor to converge to a steady-state, non-zero position trajectory. A reference tracking control law
that feeds forward the dynamics of the spacecraft would likely control the rotor position to zero,
though would still require a non-zero control effort because the controller is enforcing unnatural
rotor dynamics.

The coil current vector in Eq. (2.44) can be found by applying a Moore-Penrose pseudoinverse:

+

i= (2.48)
Kp f

Because of the axisymmetry of the dipole rotor, [Kr] is rank 2, and therefore there is a null space of
torques that cannot be produced by the single actuator at an instant in time. In instances where a
torque cannot be produced, the pseudoinverse finds the least-squares solution to the rank deficient
problem. The characteristic force matrix [Kr], however, is always full rank and can therefore
provide the desired position control force. Although the rank deficiency of the torque matrix at
first appears to cause issue, simulations and analogous underactuated systems indicate that full
attitude control is still possible from a single device and is discussed in Chapter 3.

Although full control is likely possible from a single device, a second spherical actuator can

be added to the system to remedy the rank deficiency and provide ACS redundancy, resulting in

K1 Kro ) T
it
Kp1 O =N (2.49)
io
0 Kpo fo

where the numeric subscripts indicate the first and second actuator. The pseudoinverse is again
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needed to solve for the current vectors because the augmented matrix is rectangular,
- — + - —
K Kro T

=|Km O fil - (2.50)

0 K fo

However, now the torque portion of Eq. (2.50) is rank 4, in general, and the system is overdeter-
mined. The pseudoinverse therefore calculates the minimum current norm solution of the system.
Despite this augmented configuration, there are instances where Eq. (2.50) becomes rank deficient.
This occurs when the magnetic moment vectors of the two rotors are parallel, when [K7] = [Kr2],

as illustrated in Figure 2.4. In these instances, the system is equivalent to a single actuator. To

m; ¢ my

Rotor 1 Rotor 2

Figure 2.4: Diagram illustrating magnetic moment vector angle ¢.

avoid alignment of the rotors, an equal magnitude and opposite sign torque can be applied to
each of the rotors that drives them apart, while at the same time inducing no net torque on the

spacecraft. This null motion torque is given by the following control law:

(2.51)

L, = (K1 Ad + K> ¢) < h Xm2>

|m; X my|
where K7 and K5 are positive scalar gains, m; and my are the rotors’ respective magnetic moment
vectors, and A¢ is the error between the actual and desired angle between the magnetic moment
vectors. This null motion torque can always be produced despite the torque matrix rank deficiency.
This is because the null motion torque is perpendicular to the axis of symmetry of the rotor — the
axis about which torque cannot be produced. Also, note that this null motion control law does
not guarantee the rotors will not align. Should they, Eq. (2.51) encounters a singularity due to

direction ambiguity of the null torque vector.



Chapter 3

Numerical Simulations

For all simulations in this chapter, the parameters in Table 3.1 are used. These design
parameters were chosen such that the inertia about the rotor spin axis is equivalent to the spin axis
inertia of the reaction wheel system discussed in Chapter 4. The rotor is also assumed to be solid
and uniformly magnetized and to have no spin rate at the beginning of the maneuver. No initial

spin rate was chosen for better comparison between different ACS configurations.

Table 3.1: Simulation Parameters

Parameter Value | Parameter Value
Number of Coils 20 Spacecraft Inertia, [I] diag([0.02 0.03 0.08]) kg-m?
Windings per Coil, N 334 Actuator 1 Position, D; [10 10 10] cm
Inner Coil Radius, B, 20 mm | Actuator 2 Position, D; [-10 -10 -10] cm
Outer Coil Radius, Ry 24 mm | P Gain 0.008 N-m
Inner Coil Angle, 6, 2.5° [D] Gain [0.01 0.01 0.03] N-m-sec
Outer Coil Angle, 6, 20° Kp Gain 550 sec™2
Rotor Radius 18 mm | Kp Gain 110 sec™!
Rotor Mass 182 ¢ | Magnetic Moment, m 25.66 N-m/T
3.1 Validation of Centered Rotor Assumption

As previously mentioned in Section 2.3, the volume integrals in Eq. (2.25) require numerical
integration unless the rotor is centered within the stator. For real-time implementation, numerical
volume integration is not an option due to its prohibitive computation time. However if the rotor

is sufficiently centered in the stator, then the analytical solutions to the volume integrals are good
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approximations. Since rotor position is controlled, the rotor remains close to the center and the
analytical [Kp] and [Kp| matrices can be used.

Figure 3.1a shows the attitude error between a maneuver with an off-center rotor that needs
numerical volume integration and the same maneuver with the rotor assumed perfectly centered
in the stator, therefore using the analytical expressions. The attitude error between these two
simulations of the same maneuver is measured in terms of the principal rotation angle. As can be
seen, there are initial attitude differences due to the initial offset of the rotor, however the attitude
differences are relatively small and converge to zero after the rotor becomes centered. This is also a
worst-case scenario where the rotor is nearly touching the stator wall. Figure 3.1b displays how the
rotor’s position in the stator converges to center thanks to the position control loop. The centered
rotor approximation is therefore validated and is used in all subsequent simulations to drastically
reduce simulation time. For comparison, the full model that uses numerical volume integration has

a run-time of approximately 150 hours, whereas the analytical model only took 7 minutes.
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Figure 3.1: Comparison of Centered and Off-Centered Rotor

3.2 Off-Center Actuator Analysis

For most spacecraft, the ACS cannot be placed at the center of mass due to design require-
ments. This isn’t an issue with a reaction wheel system because the actuators can be put anywhere

on the spacecraft so long as they span three dimensional space. However, the rotor position control
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effort on a spherical actuator depends on its distance from the spacecraft center of mass and the
spacecraft body rate, as indicated by the second term in Eq. 2.47.

Figure 3.2a shows the distance r of the rotor from the center of the stator for two cases. The
first case is a realistic situation where the spherical actuator is place at D = [10 10 10]7 ¢cm with
respect to the spacecraft center of mass, and the spacecraft tumbles with an initial body rate of
wp/n = [2 —1 3]7 deg/sec. The second scenario is an extreme case where the actuator is place
at D7 = [200 200 200]7 cm (3.46 meters from the center) and the spacecraft is tumbling with
wp/n = [40 —20 60]” deg/sec. In both cases the stator position does not converge to zero, which is
expected because of the regulation position control law in place. With the first case where conditions
are nominal, the offset from center is negligible and on the order of nanometers. However, the large
stator center of mass distance and large body rates in the second case cause the rotor to deviate
from center by between 0.28 mm to 0.63 mm. In this extreme case, the analytical model may
not be a good enough approximation. Increasing the control gains will decrease the magnitude
of the steady-state error, but will amplify noise in the system, which can lead to instability. A
reference tracking control law would likely solve this steady-state trajectory issue and would drive

rotor position to zero, permitting the use of a spherical actuator even in extreme situations.
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Figure 3.2: Comparison of actuator at different distances from center of mass.

Figure 3.2b illustrates the amount of power required to control the position of the rotor in the

stator given the two scenarios. As can be seen from these power plots, even in extreme situations the
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amount of position control power needed is very reasonable. For the nominal first case, the power
consumption is negligible and on the order of nanowatts, and with the second extreme case, peak
power consumption is 75 mW. Again, it’s worth mentioning that the actuator power consumption

does not converge to zero because the position controller is enforcing an unnatural rotor trajectory.

3.3 Single Actuator Attitude Control

The single actuator has proven to be effective at detumbling and pointing a spacecraft in
numerical simulations conducted so far despite its inherent underactuation problem caused by the
symmetry of the dipole field. Figures 3.3a and 3.3b illustrate this showing how the spacecraft
attitude and body rate errors converge to zero. Additionally, the rotor’s angular velocity converges
to a steady-state value, as shown in Figure 3.3, which is due to the angular momentum originally
contained in the spacecraft body that is completely transferred to the spinning rotor. The peak
power consumption for the device occurs at the beginning of the maneuver and is 56.9 mW. The
power consumption plot also illustrates how small the rotor position control effort is compared to
the torque control effort. The total energy used by the actuator to perform this maneuver is 307
mJ.

Although it’s not rigorously proven here, attitude controllability arguments can likely be
made for the single actuator configuration. Only a subspace of control torques is available at an
instant in time, however this subspace depends on the orientation of the rotor and is therefore time-
varying. As long as there is enough variation in the orientation of the rotor, the control authority
of the device will eventually span the torque space, resulting in controllability, despite the fact this
is an underactuated device. In attitude control applications such as are presented here, the rotor’s
motion is periodic and will therefore have enough variation to span the torque space.

Attitude control of a spacecraft with three independent magnetorquers is a close analog to the
spherical actuator and is controllable despite being underactuated, as is discussed in [76-81] and
proven in [82]. With Earth’s magnetic field modeled as a dipole, the torque capability of the three

magnetorquers does not span three dimensional space at an instant in time, meaning the system
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Figure 3.3: Single Actuator Attitude Control Maneuver

is underactuated. However, the controllable subspace of this system varies with the orbit of the
spacecraft. As shown in the left-hand side of Figure 3.4, the magnetic field as seen by the spacecraft
varies throughout the orbit. Over the period of an orbit, the three dimensional torque space that is
necessary for full attitude control is covered because there is enough variation in the magnetic field,
resulting in attitude controllability. With the spherical actuator, the dipole rotor is analogous to
the Earth, and the array of coils analogous to the magnetorquers. The magnetorquers and coil array
both span three dimensional space, however it’s the axisymmetry of the dipole field that causes
the instantaneous underactuation. As such, the controllability proof for the magnetically actuated
spacecraft can likely be applied to the spherical actuator. As mentioned, simulation results thus
far also point to this conclusion.

Both magnetic attitude control and the spherical actuator do suffer from a singularity, how-
ever. In the orbiting spacecraft attitude control scenario, controllability is lost if the spacecraft is

in an equatorial orbit because there is no variation in the field as seen by the spacecraft. Similarly
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Figure 3.4: Illustration of Time-Varying Field Controllability

with the spherical actuator, a torque cannot be produced about the rotor magnetic moment vector.
For instance, if a spin about the third spacecraft body axis is needed, but the rotor magnetic mo-
ment vector is perfectly aligned with the third body axis, then this spin cannot be accomplished.
This scenario would not happen in reality, though, because this alignment of the magnetic moment
vector would be instantaneous thanks to the relative motion between the spacecraft body and rotor.
To illustrate this fact, Figure 3.5 is a worst-case scenario where the third spacecraft body axis and
the rotor dipole axis are misaligned by 0.01°. Also, there is no initial relative motion between the
spacecraft body and the rotor. Despite the fact the system is very close to a singular configuration,
attitude control is still achieved. On top of this, control performance in terms of power consumption
is not lost despite the proximity to the singularity, as is shown in Figure 3.5d, where peak power

consumption is only 2.89 mW.



29

0.2
»
>
(]
Z
[0
©
o
=3
[e]
[a1]
02 2 4 6 8 10 0% 2 4 6 8 10
Time (min) Time (min)
(a) Spacecraft Attitude Error (b) Spacecraft Body Rate Error
400 T T ; T 10° - -
—— Force Power
g 300 — Torque Power
< S
£ 200/ § 10"
2 :
c o
2100
-20
00 2 4 6 8 10 10 0 2 4 6 8 10
Time (min) Time (min)
(¢) Rotor Spin Rate (d) Actuator Power Consumption

Figure 3.5: Single Actuator Control Near Singularity

3.4 Dual Actuator Attitude Control

Figure 3.6 displays the same attitude maneuver as was performed with the single actuator,
only now with two spherical actuators, each with the same geometry and inertia as the single
actuator. As can be seen, the performance is very similar to that which was provided by the single
actuator. Interestingly, the dual actuator system has a lower peak power consumption of 30.5 mW
at the beginning of the maneuver compared to the single actuator. The dual system also requires
less energy, 221 mJ, to perform the maneuver than the single actuator, which is possibly due to the
fact that the single actuator cannot produce an arbitrary torque at an instant in time. It could also
be caused by the fact that the dual actuator system has twice as much momentum as the single
actuator configuration.

One downside of the dual actuator system is that the rotors can end up in a spin configu-

ration with high angular velocities despite relatively low or zero total system angular momentum.
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This is because the angular momentum vectors of the rotors can point in opposite directions, in
turn canceling each other out while still conserving the total angular momentum of the system.
Controlling the final spin configuration of the rotors to eliminate unnecessary spin in the rotors is

of interest and an area worth studying in future work.
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Figure 3.6: Dual Actuator Attitude Control Maneuver
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3.5 Null Motion Singularity Avoidance

Equation (2.51) in Section 2.5 presented a control law to avoid alignment of the rotors in
the dual actuator system. Again if the rotors align, the system degrades to an equivalent single
spherical actuator, which Section 3.3 shows is not necessarily a bad thing. Regardless, the null
motion control law is applied to the dual actuator system, and the results are presented in Figure
3.7. The control law gains were chosen to be K; = 107> N -m and Ky = 107°N - m - sec with a
desired angle between rotors of ¢ = 90°.

Attitude control is achieved in this scenario, and additionally, the maneuver has a smaller
peak power consumption than without the null motion control law. This is because the rotors
in both dual actuator simulations are nearly aligned at the beginning of the simulation. The
null motion control law drives the magnetic moment vectors apart, causing the rotors to better
span three dimensional space, in turn requiring less power to produce the desired torque. For
the simulation presented here, the null motion control law reconfigures the two rotors such that
the magnetic moment vectors are perpendicular, and does so without imparting a torque on the
spacecraft.

An interesting side effect of the null motion control law is that it causes the system to split
the angular momentum stored in the two rotors equally, as shown in Figure 3.7c, where the rotors
have equal spin magnitude throughout the maneuver, unlike what’s seen in Figure 3.6¢. As such,
this null motion control could likely play a part in managing the final spin configuration of a dual
actuator system. In the end however, the control effort needed to keep the rotors perpendicular to
each other resulted in more energy needed to perform the maneuver than without the null motion
control law — 1.05 J. Figure 3.7d shows how application of the null motion controller results in
steady-state power consumption. This is caused by conservation of angular momentum in the
system, which constrains the final spin configuration of the rotors, and because of this, the angle
between the magnetic moment vectors cannot necessarily be controlled. Further research into

singularity avoidance is needed to fully understand its benefits and limitations.
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Chapter 4

Comparison to Reaction Wheel System

Reaction wheel control systems are commonly found on spacecraft, and because of this, they
serve as a good benchmark for judging the performance of the spherical actuator. The motor torque
constant K is often used to compare motor capabilities, such as power consumption and efficiency.
However with the spherical actuator, [Kp]| is time-varying making this difficult. As such, a reaction

wheel ACS aboard a satellite is simulated to provide a comparison.

(a) Spherical Dipole Actuator (b) Micro Reaction Wheel from BCT [83]

Figure 4.1: ACS Comparison

A commercially available reaction wheel system for small satellites sold by Blue Canyon
Technologies (BCT) was chosen and is simulated using Eq. (2.13) and Eq. (2.35). An individual
reaction wheel is shown beside the reaction sphere in Figure 4.1. The inertia, resistance, and motor
constant used in this simulation were provided by BCT [83]. Figure 4.2 illustrates the same attitude

maneuver used in Chapter 3, only now with a cluster of three reaction wheels. As expected, the
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reaction wheel cluster has no issue controlling the spacecraft. Though not immediately apparent
from the power plot, the reaction wheel system actually requires more power and energy than the
single spherical actuator.

Table 4.1 provides a side-by-side comparison of some of the key parameters from these two
simulations. The mass for the spherical actuator and reaction wheel cluster are similar, however
the spherical actuator mass only accounts for the mass of the rotor and the coils. In an actual
system, there would also be support structures and electronics that would add to the overall mass.
The volumes for the two systems, however, are very different with the spherical actuator filling a
volume almost half that of the reaction wheel cluster. Note that the spherical actuator volume is
the spherical volume determined by the outer radius of the coils. Again, support structures and
electronics are not included in this calculation and would likely increase the volume of the device.
The reaction wheel cluster volume was determined by summing the individual volumes of the three

reaction wheels as determined by the dimensions provided by BCT.

Table 4.1: ACS Parameter Comparison

Spherical Actuator | Reaction Wheel Cluster
Inertia 240 g - cm? 240 g - cm?
Mass 311 g 345 g
Volume 57.9 cm? 99.85 cm?
Peak Power 56.9 mW 217 mW
Maneuver Energy 309 mJ 678 mJ

As mentioned earlier, the inertia about a spin axis for each device is matched to provide
a basis for comparison. However, the reaction wheel cluster in this simulation can actually store
more momentum than an individual axis because the total angular momentum of the cluster is the

vector sum of the individual reaction wheel momenta.
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Chapter 5

Conclusions

A spherical actuator for spacecraft attitude control has been presented here that relies on
a simple dipole magnet to exchange momentum with the spacecraft. The equations of motion for
this system were derived and numerically simulated showing that the proposed actuator can indeed
provide attitude control. A single spherical actuator was first examined and was able to successfully
perform an attitude maneuver despite its inability to produce an arbitrary torque. Further research
into this form of underactuated control will be necessary to fully understand how effective a single
actuator can be. However, simulations conducted so far and analogous underactuated systems
indicate that control arguments can be made.

A dual actuator configuration was also investigated and was found to successfully provide
attitude control while at the same time requiring less power and energy than a single actuator. This
could, however, be due to the fact that the dual actuator system simulated has twice the inertia
of the single actuator system. A null motion control law was applied to the dual actuator system
to avoid singularities and was able to rotate the rotors into a more favorable spin configuration
without imparting a torque on the spacecraft. However, the effort needed to do this increased the
total maneuver energy by a factor of five. More research into null motion control will be need to
determine whether or not it’s necessary or useful and how to implement it in an efficient manner.

Finally, the spherical actuator was compared against a cluster of three reaction wheels and
was found to provide volume and power savings. The inertia about a spin axis was matched

between the reaction wheel cluster and the spherical actuator as a basis for comparison. With this,
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the spherical actuator was found to fill approximately half the volume of the reaction wheel cluster.
On top of this, the peak power consumption of the spherical actuator was under a third of that for
the reaction wheels, and the maneuver required less than half the total energy.

Although this thesis lays the groundwork for a spherical dipole actuator for attitude control
and indicates this design is feasible and can provide potential volume and power savings, there are
still many unanswered questions and many analyses that must be made to fully understand the
capabilities and limitations of this device. Two possible issues that have not yet been investigated
are induced magnetic dipole moments and system failure. In most spacecraft, shielding around
the actuator is needed to prevent it from interfering with magnetometers, which provided guidance
information and are used in many science applications. The problem with shielding the spherical
actuator is the fact that magnetically permeable metals are needed, and as a result, their perme-
ability would attract the rotor away from the center, in turn introducing a control disturbance and
potentially destabilizing the system. In conventional motors, shielding is not as big of an issue
because the rotor is mechanically held in place by bearings. A second potential issue with the
spherical acutator also stems from the fact that the rotor is free-floating. If the ACS loses power
and there is no backup system to maintain the position of the rotor, the rotor will impact the stator
wall. If the rotor is spinning at high angular velocity, this would likely destroy the ACS and end
the mission.

Aside from these problem areas, more research is needed to further this design. The next
phase would likely include finite element modeling (FEM), rotor position and orientation sensing,
and an experimental prototyping. FEM is needed because analytical force and torque solutions do
not exist beyond the simplified model presented here. FEM would capture induced effects in the
coils, eddy current loss in support structures and shielding, and an overall actuator model that’s
closer to reality. Sensing is another aspect that is not covered in this work, but is necessary for
this device to function. Rotor position and orientation information is needed in the control laws
and could likely be accomplished with hall effect sensors, though other sensing schemes have been

examined [84-90]. In the end, an experimental model would be needed to validate this theoretical
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work and bring this device closer to realization.

Whether or not the spherical dipole actuator will replace conventional attitude control sys-
tems is to be seen, however it could have a place in niche applications where active vibration
damping and precision pointing are needed. Again, the results presented here show that the spher-

ical dipole actuator has promise and is worth further investigation.
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Appendix A

Algebraic Force and Torque Expressions

If the rotor is centered in the stator, explicit expressions for Fy and T}y exist and are given

by
po|m||(In(Rq)—In(Ryp)) (sin(&a)s—sin(Qb)3)(C31 cos(B) sin(a) —C33 cos(a)+C32 sin(e) sin(3))
4
p, Y po[m (1) ~In(Ry)) (sin(6)*—sin(8,)°) a2 cos(8) ~Ci1 sin(8)
__Ho [|m|| (ln(Ra)7ln(Rb))(sin(@a)3fsin(9b)3) (C33 sin(a)+C31 cos(a) cos(B)+Csa cos(a) sin(B))
2
_ uoHm||(R,l7Rb)(29a72917fsin(29a%+sin(29b))(032 cos(B)—C31 sin(B))
T, = % ,uoHm||(Rabe)(QH,l720bfsin(29a)+sin(295))(§31 cos(B) sin(a) —C33 cos(a)+C32 sin(a) sin(B))
0

where « and ( are the latitude and longitude of the coil of interest with respect to the spacecraft

body frame.



